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CAN YOU USE SOMETHING LIKE THIS? 


... for gaseous reactions using a conducting medium 


This Lectromelt* Reactor was built for con- Where can you use it? 
verting bon dioxide to carbon monoxide Carbonaceous reduction, calcining, chlorin- 
< iInuo \ 1 pilot basis. The COs is fed ating of titanium—these are a few of the appli- 
into the mat ! ottom; it passes up cations suggested for this reactor. You give us 
through a colun f heated coke where it is your ideas. Lectromelt engineers have been 
transformed into CO. This is taken off through dealing for years in problems of electrothermic 
the upper manifold reduction. Describe your problem and they'll 

This reactor offers . uivantages over help you solve it 

previous similar equipmen ring electrodes Whether you're expanding accepted processes 
should last f nal month sit they are or developing something new, we'|! be interested 
under an atrn ere oO is. Be in talking with you. Outline your thinking to 
his veasel is gas-tight. it can be used on Pittsburgh Lectromelt Furnace Corporation, 
basis for processes requiring pressure 326 32nd Street, Pittsburgh 30, Pennsylvania. 
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Stokes manufactures a complete line 


of vocuum ¢c Nping equipment This 


w je nechanica vocuumM pumps 
ditt na booster pumps, vacuum 
valve ind gage and complete 
va ry strumentat n | € g' 
gh vo um equipment, 
Stoke vocuum metollizers, 
vO mn turnoeces ond other vacuum 
proce g equipment 
Stokes hos for many yeors been 
active vocuum research. Vacuum 


experience among our engineers 
covers the range from loborotory 
equipment to some of the largest 
vacuum equipment in service. This 
experience is available to help solve 


your vacuum problems. 


rometer 


make a supplementary check on melt temperature in Stokes high-vacuum furnace 


COMPLETE LINE OF STOKES 


STOKES MECHANICAL 
VACUUM PUMPS 


For vacuum processing systems and 
for maintaining low forepressures 
in high-vocuum systems, the Stokes 
Microvec pump provides efficient, 
economical operation. Designed 
with fully automatic lubrication 
end a long-lasting exhoust volve 
assembly, every Microvoc pump is 
assured of smooth, trouble-free 
operation. Six sizes give coapaci- 
ties from 15 to 500 cfm. Send for 
catalog listed at right. 
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Thompson Products Uses 
STOKES Vacuum Furnace in Metals Research 


Thompson Products, Inc., of Cleveland, Ohio, one of the country’s largest 
suppliers to the automotive and aircraft industries, carries on an extensive 
research and development program. To aid in the investigation of high- 


@ 


purity metals, Thompson has installed a Stokes high-vacuum furnace. 


Thompson's vacuum furnace is currently rated at 200 pounds melt 
capacity: however, the unit is capable of 1000-pound production 
with only minor modifications, an important advantage should 


full-scale vacuum metal production be initiated. 


SEND FOR 
Stokes is the leading supplier of production vacuum furnaces TECHNICAL 
for industry. Outstanding features are a vacuum lock, which LITERATURE: 


permits multiple melts and melt manipulation without 
breaking vacuum; high-capacity vacuum pumping 
systems, utilizing the new, high-speed Stokes Ring-Jet 
Booster pumps and the dependable Microvac forepump; 
and grouped controls for convenient operation. Stokes has 
many basic furnace designs — any of which can be 


modified to meet your particular needs. 


Microvec Pumps—Catalog 750 
Diffusion ond Booster Pump 
Specification sheets 
and performance curves 
The Story of the Ring-Jet Pump 
Complete Vacuum Processing 
Systems—Catolog 730 
How to Care for Your 
Vacuum Pump—Booklet 755 


Vacuum impregnation — 


If you are interested in high-purity metals, you'll want Cetalog 760 


to know more about Stokes high-vacuum furnaces for 


both laboratory and full scale production. Write 
for your free copy of Stokes Catalog No. 790, 
“High-Vacuum Furnaces.” 


F. J. Strokes MACHINE COMPANY 


5502 Tasor Roap 
PHILADELPHIA 20, Pa. 


VACUUM EQUIPMENT 


stoxes RINGJET DIFFUSION 


AND BOOSTER PUMPS 


The new Stokes Ring-Jet Pumps em- 
body a new concept of the diffu- 
sion principle. Size for size, they 
have pumping speeds of 10% to 
more than 100% above any other 
diffusion pump for a given heat 
input. Ring-Jet Diffusion Pumps ore 
available in sizes of 4, 6, 10, 14 
and 16 inches; Booster Pumps in 
sizes of 4, 6, 10 and 16 inches. 
Send for information listed. 


Vacuum Drying—Catalog 720 
Vecuum Furnaces — 
Cotaleog 790 
Vacuum Metallizing — 
Catalog 780 
Vacuum Calculetor 


Slide Rule 


>... 


STOKES VACUUM VALVES 
Te control vacuum safely ond surely, Stokes 
vocuum valves ore available in 4, 6, 10 and 


16-inch standord flange sizes 


STOKES-McLEOD VACUUM GAGES 
For measuring vocuums from fractions of 
micron up to 50 mm. Stokes-Mcleod gages are 


the standard of reference Four sizes ovoilable 
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— Personnel Sonics — 


New York 18 , Ave ineti 


Chicege | . Assistant Professor, Ph.D. in phys- 
graduate 
fraduate courses in phys- 


POSITIONS OPEN 


alurgy aiso 


raduate 
ction in 


Son Francisco tion, northern New Jersey. W1291 


cal metallurgy, t teach 


$5400 


Salary, 


Location East Wi214 


Metallurgical or Mechanical Engi- 
in metallurgical 
or M.S. degree 


neer, wth najored 
engineering, Ph.D 


Assistant Professor of Metallurgy, 
with good training in physical met- 
ome metals physics 
courses, 
be able to give post 
thermody- 

applies to metallurgy, 
jiffraction techniques, and 
of relations in solids. Loca- 


METALLURGIST 


Groduate mechanical of metallurgical engineer with minemum 7 years’ experience 
im onolyzing ond resolving metallurgical problems relating to ferrous and nonterrous 
render technical service to operating departments and serve os a stott 
verseas operation located im Saud: Arabia 


metals. Teo 
consultant in the company's 

Must be thoroughly fomilicr with metallography laboratory techniques and be 
copoble of establishing laboratory procedures and the training of technicions. He 
should have complete knowledge § alloys suitable for refinery processing and be 
capeble of investigating foilures possibly due to improper moterials or operating 
pi acedures and recommending remedial action 


PLANT AND EQUIPMENT INSPECTOR 


Graduate engineer with minimum 10 yeors’ experience in design or inspection of 
petroleum processing plonts ond equipment of which 5 yeors must hove been in in 
spection work entailing general knowledge Thorough knowledge of 
APl ond ASME codes for fired and unfired pressure vessels and piping is required 


of oll ftocilities 


supervise and conduct inspections and advise 


To develop inspection methods 
in @ mojor oil in 


operations in connection with codes, equipment limitations, efc 
stollation 

Seleries commensurate with experience and traming Write giving full peorticulors 
regording personal history and work experience. Please include telephone number 


Recruiting Supervisor, Box 53 


ARABIAN AMERICAN OIL COMPANY 
505 PARK AVENUE NEW YORK 22, NEW YORK 


Work involves primarily metallur- 
gical work with no supervisory re- 
sponsibility. Some traveling. Should 
be interested in contact work. Sal- 
ary open. Location, South. W1257b 


Research Metallurgists. (a) Met- 
allurgists, from recent graduates de- 
siring graduate work leading to M.S 
or D.Sc. in metallurgy, to applicants 
with Ph.D., to do fundamental re- 
search in thermodynamics, crystal 
mechanics, general physical metal- 
lurgy and solid state technology with 
distinct future possibility for enter- 
ing research field of own choice 
Salaries: full time research assist- 
antships, $3000 to $4500 a year plus 
tuition; research associateships for 
qualified Ph.D., commensurate with 
experience. (b) Graduate assistant- 


METALLURGICAL ENGINEER — 8S Degree 
plus one to three yeors experience for re- 
search and process development in special 
ailoys heving otomic energy application 
Location Ohio. Please include complete de 
scription of work experience, present solory 
etc., in reply 
Box C-8M AIME 
29 W. 39th St. New York 18 


METALLURGICAL AND MECHAN- 
ICAL ENGINEER: Work involves ol! 
experimental fabrication operations 
for metallic elements of inter 
est to the AEC. such as rolling 
swaging, forging, extruding, etc 
Specific familiarity with these op 
erations is not necessary, although 
con interest in mechonicoa! ond met 
allurgicol factors required. All 
problems ore attocked both the 
retically and practically 

The experience required is very 
flexible ranging from a recent col 
ege graducte to a mon with sev 
eral yeors experience in meta! 
working or reloted fields 

Or 
carry several experimental projects 
with little supervision as well as 
ability to work under considerable 


pressure with frequent chonges in 


inal thinking and ability to 


progrom are importont 
Box E-16M AIME 
29 West 39th St.. New York 18 


QUALIFICATIONS: Age un- 


jer 36 Ph.D 


METALLURGIST 


in Metallurgy 
years experience, or 

n Metallurgy with five 
years experience in nonfer- 


rous alloy development 


REPLY TO: 
Box E-15M AIME 


— Selary Open — 29 W. 39th St., New York 18 


METALLURGISTS 

Alley Development—<composition devel 
net 3 v3, phose diogroms, creep, pre 
pitation hardening, vecuum melting 
2nd other techniques. Development ex 
pervence in powder metollurgy, physico! 
metoliurgy or alloy systems, bockor 

m theoret physical metallurgy 
knowledge of solid state physics useful 
MS PRO m Metallurgical Engineer 


Metals Application —guidonce of design 
2nd manufacturing engineers in the se- 
processing of ferrous or 
25 
experienced metoailogro- 
siuote structures of ferrous 
commercico! ond exper 


follow process, develop- 
ment of casting, working ond heot- 
trectment on specialized high tempero 
ture ond magnetic olicoys 
mplete resume, inctuding solory 
expectotions, fc 

A. ROSECRANS 

Materials Engineering Dept 
WESTINGHOUSE ELECTRIC CORP. 
est Pe. 
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. ment items ore mode 
: al etal sor 
‘ 
more a year, ys 
‘ 
lew L tate 10 
ment Mer A 
Nucleor Reactors 
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ship for men interested in pursuing 
graduate work. Tuition remission 
plus stipend for 10 months and a 
possibility for part time summer 
employment in research laboratory. 
Positions available Sept. 1, 1955. 
Location, New York metropolitan 
area. W1246 

Metallurgist, recent graduate. No 
previous industrial experience re- 
quired, to work in materials control 
laboratory of automotive company 
on product control and material 
specifications. Salary, $4800 a year 
Location, Michigan. W1220 

Junior Metallurgist, craduate, for 
testing and processing of copper and 
aluminum wire and strip products 
Salary, $4200 to $4700 a year. Loca- 
tion, central New York State 
W1218(a) 

Metallurgical Engineer, graduate 
in metallurgy, with ore concentra- 
tion experience preferably includ- 
ing operation, design, construction 
and research (ore testing) for re- 
search and development. $6000 to 
$7200 a year. Location, Colorado 
$718 


METALLURGIST 


needed as Process Metol 


FOR INCREASED PRODUCTION 


Manufacturers producing nitrided parts for 
aircraft, engines, and heavy machinery items 


have found that more production is possible at 


PROCESS METALLURGIST 


Process Metallurgist under 40 with a saving in cost when they use the Hevi Duty 


Box C-7M AIME 
HEAT TREATING FURNACES ELECTRIC EXCLUSIVELY 
29 W. 39th St New York 18 HEVI DUTY 
ORY TYPE TRANSFORMERS CONSTANT CUBRENT REGULATORS 
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urgist in brass mill manufacturing * 
berylliurn-copper, phosphor-bronze OF Ni T RIDED Pp ARTS USE A 
ona nicke silver nm the form of 
strip, wire and rod 
Excellent position offering ad HEVI DUTY car sorrom ie 
vancement ond many benefits ae 
Reply fully giving age, experi iad 
ence ‘ond solory desired to: Per NITRIDING 
r 
sonne Veportment The Riverside 
Metal Company Div f H. K ; 
Porter Company, inc Riverside ‘ 
New Jersey 


> to 10 years experience in ore Car Bottom Nitriding Furnace. “ 
flotation field. F ponsible 
The furnace car, complete with 
sition im separotion ond concentro os 
tion of ores. Southeast U.S. Your sealed retort and ammonia e 
reply will be held confidential. In dissociation equipment cae 
clude age, education, experience 
and solory requirement can be removed from 
Box D-13M AIME the furnace for cooling 
29 West 39 St., New York 18 and a second car with ~ 
a cold load can be 
inserted immediately for oe 
a minimum loss of time se 
METALLURGICAL ENGINEER—&S between heats. 
Vegree piu me to three yeors ex 
perience with interest in welding W rite for Bulletin HD-664 te 
opr for ond Jeveiopment of 
we wing moteriol processes in 
special alloys including titeniurr 
zirconium, etc Location Ohi 
. 
Please include c mplete descrir 
tion f work experience, present vidal 
sorory tc n 
HEVI DUTY ELECTRIC COMPANY 
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orelco Availability... 


... with counting rates in excess of 100,000 cps, 


either 
PROPORTIONAL 
OR SCINTILLATION 


designed to extend range of existing equipment 


The Norelco Proportional Detector is designed 
} 2 


with a side window to provide a homegeneous 


field for obtaining true distribution of pulse 
energies while maintaining the same efficiency 
as the Geiger Counter at all wavelengths. /1 is 
the onl hich Speed det for suila € for soft 
if 4) fo wa cr oths he ; 4 It will 


maintain a very high counting rate with linear 
response—in excess of 100,000 counts per sec- 
ond 

The Scintillation Detector possesses a rela- 
tively unifor response at all wavelengths 
shorter than 3 A. Carefully selected scintilla- 
tion crystals transform X-ray quanta to light 
which strikes a photomultiplier tube. Overall 


efficiency is high; the thin crystal absorbs al- 
most 100°. over the entire X-ray spectrum up 
to 100 KV. 

Illustrating maximum utility, either of these 
detectors may be easily interchanged with 
Geiger tubes. Norelco electronics are avaHable 
to amplify voltage level of pulses. The speed of 
these detectors provide high accuracies and 
short reading times. Because of the linearity of 
the amplifier used, the addition of a pulse 
height analyzer permits the detectors to be used 
as a secondary monochromator to increase 
signal-to-noise ratio, thus, discriminating 
against radiations other than the wavelength 
selected by the crystal or specimen. 
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COMPANY, INC. 
750 Seuth Fulten Avenve, Mount Vernon, N.Y 
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11.19 Brentclifie food, leaside, Toronto 17, Ontario 


i 
Ar 
DETECTORS 
3 
| 


MELTING FURNACES 


Largest 

Furnaces 


| ypranmenes in the ultra-modern mill of McLouth Steel 
Corporation, in Detroit. these giant 200-Ton Heroults sound investment—even for high tonnage steel-making 


now 


capacity Heroult Electric Furnaces are an economically 


are the largest electric melting furnaces ever built. With We welcome an opportunity to help you select and in 
an inside shell diameter of 246", they have a rated stall the furnace best suited to your particular require- 
charge capacity of 400,000 pounds, and each is designed ments. 
for efficient operation on 25,000 to 33,000 KVA trans ASK FOR NEW CATALOGUE. ('ontains latest information on va 
former capacity. Featuring a swing-type roof, these fur- modern electric furnaces—types, sizes, capacities, rating, : 
naces are equipped with the finest, most up-to date etc. Write Pittsburgh Office for free copy 
mechanism and electrical controls available 
McLouth’s adoption of electric furnaces of this size AMERICAN BRIDGE DIVISION, UNITED STATES STEEL CORPORATION 
sets a precedent. It is a “first” which should conclusively GENERAL OFFICES, 525 WILLIAM PENN PLACE, PITTSBURGH, PA 


prove that, in addition to closer control, higher uni- Controcting Officer in Hew York, Philedeiphis, Chivege, 
Sen Fremcisce amd ether principal cities 


formity, better performance, and greater safety, large Gaited States Sees! Bapert Company, flew York 


: 

sion! 
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ORDER YOUR BOOKS THROUGH 
AiME 
Deportment. Ten per cent discount 
given whenever possible Order Gov 
ernment publications direct from the 


agency concerned 


Steam, Its Generation and Use, 37th 


edition. Thy k& W ( 
”) , hapte 19 I ‘ ‘ 
ft k lin 1879 
‘ 
= 
ror 
‘ tudent the 
pt the 


Principles of Emulsion Technology, 


K 


PROFESSIONAL SERVICES | 
Lemted AiM. members to com 
ponies thet have of least one AIME 
member on their staffs. Rates $40 per 

yeor per mch 


DR. B. EGEBERG 


Metallurgical Consultant 


Meriden, Conn 


LEDOUK & COMPANY 
SHIPPERS REPRESENTATIVES 


359 Alfred Ave Teaneck, New Jersey 


MAX STERN 
Consulting Engineer 


4s ws ond Nonferras 


| 149 Broedway New York 6. N.Y 


H. L. TALBOT 


Consulting Metollurguael Engineer 


Address irene K. Sharp, Book | 


Extraction ond Refining of Bose Metols 
alizing in holt ond C 


Room 331, 84 Stete Boston 9, Moss 
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Books for Engineers 


Electrons, Atoms, Metals, and Alloys, 


t WwW furme-Rothery. Philo- 
ry, $10.00, 387 pp., 1955 

I first published in 
194 een revised and re- 
printed. Book aimed at those who 
find the : textbook treatment 
f the pt ition of the electron 


thes to the structure and proper- 
unattrac- 


i ded into four parts 

r th the structure of atoms, 

tal ina other atomic 

j ented in the forn 

ta gut etweer in older me- 
tallu tand a young scientist 


The Fatigue of Metals and Struc- 


tures, | H. J. Grover. S. A. Gordon, 

nd I R. Jack Burea of Aero- 

Dept f the Navy, $2.50, 394 

154—T directed 

rt j y signer or en- 

th some knowledge of but 

tical experience in fa- 

It 3 vides a sum- 

t iy information on 

tant items in the air- 

It recognized that in 

f instances present-day 

plete. Thus the 

if nly be con- 

tarting point 

pecific problems 

ok hta at ‘ fr the 

t ! Documents, U. S 

\u ent Print g Office, Washing- 
D. 


Abstracts of the Literature on Semi- 
conducting and Luminescent Mate- 
rials and Their Applications, con 


Batt Me rial Institute 


Wile ‘ $5.00. 169 
; Be j [f the many and 
nt related type of 
fforts 
} leveloping 
processt n 
ippearing in 
" ais throughout 
put ation attempts 
t I ar rga ed 
: act in thi field 
F I f this bibliography 
ade the keynote 
t ighiy 
actors first 


Electroplating Engineering Hand- 
book, edited t ,. Kenneth Grahan 


ted H. L. Pinkerton. Rein- 
Cort $10.00. 650 

’ Book contains most recent 
proce ng techniques 

tor nvoivead in 

t t i installing piating 
Fu hapters cover dé 
f ts t& e plate standards 

th cessing se 

f deposits, waste 
t. achinery, rins- 
ntenance, and all 


g and operating con- 


Die Metallurgie Der Ferrolegierun- 
gen, edited by R. Durrer and G. Vol- 
kert (German). Springer-Verlag, 409 
pp., 1953—A treatise on the metal- 
lurgy of ferroalloys for engineers 
and metallurgists, covering theoreti- 
cal aspects as well as the technology 
of production methods. Separate 
sections deal with the general metal- 
lurgy of ferroalloys and the electric 
furnace and electrodes. More than 
half the book is devoted to specia! 
metallurgy, treating the various fer- 
roalloys individually 


Advances in Electronics and Elec- 
tron Physics, Vol. VI, edited by L 
Marton. Academic Press, Inc., $11.80, 
538 pp., 1954—Title of this year’s vol- 
ume has been changed from Ad- 
vances in Electronics in order to 
express the coverage of the series 
more clearly. As in previous years, 
the present volume includes critical 
reviews of developments in a variety 
of fields. They are: Metallic conduc- 
tion at high frequencies and low 
temperatures; relaxation processes 
in ferrcmagnetism; physical proper- 
ties of ferrites; space charge limited 
currents; traveling wave tubes; com- 
parison of analogous semiconductor 
and gaseous electronics devices; the 
electron microscope; and paramag- 


netism 


Materials of Construction, 6th edi- 
tion, by Adelbert P. Mills, Harrison 
W. Hayward, and Lloyd Rader 
John Wiley & Sons, Inc 50, 650 
pp., 1955—Mr. Rader is responsible 
for the sixth edition, which incor- 
porates some 15 pct more material 
and has been thoroughly revised to 
reflect the latest data. The early part 
of the book deals with fundamentals, 
followed by a treatment of materials 
of construction. Among the new ma- 
terial is a discussion on the metallog- 
raphy and constitution of metals 


F 
$7 


S. S. Ocean Vulcan S. 8S. Clan Alpine 
Structural Trials. Report No. R.12. 
Admiralty Ship Welding Committee, 
$5.75, 73 pp., 1954—The Admiralty 
Ship Welding Committe 
full-scale experiments on the struc- 
ture of actual ships as part of an in- 
vestigation of problems arising from 
the extended use of welding in ship- 
building 


Protective Coatings for Metals, 2nd 
edition. by R. M. Burns and W. W 
Bradley. Reinhold Publishing Corp 
$12.00, 643 pp., 1955—In this new 
sections can be 


sponsored 


edition expanded 
found on the evaluation of organi 
completely new chapters 
on corrosion inhibitors; chemical 
conversion sprayed metal 
coatings; full explanations of such 
newly experienced troublesome phe- 
nomena as silver migration and me- 
tallic whiskers; latest practices in 
metal cleaning, coating application 
and testing; and other material 


coatings 


coatings 
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| | — 
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sineered lL-conomy 
IN EXTRACTIVE METALLURGY 


This forty-million dollar ore-processing plant recovers pur 
alumina 305,000 tons a yea! from Jamaican bauxite 
By advances in engineering and design, the operation makes 


possible the economic processing of a new type ore 


Evaluation of the economics of such operations, the engi 
neering and construction of the complete plants, like the 
one shown above — these are important parts of Braun's 


services to the mining, metallurgical, and chemical industries 


NEW YORK HOUSTON 


CHICAGO TULSA C F BRAUN OF CANADA LTD BRAUN TRANSWOARL 


D 


FRANCISCO 


ORPORATION 


Is Meta rm party la Quinta A/umina Plant Corpus Christi Té 
= 
a 
engineers 
be 
SAN 


a 
a 
q 
. 
design in Press equipment for proc- structure. cooling block rigidly encloses 
‘ graphic SS 
Labor story. gessories, speed and ease of sample ejection, 
: This new Press provides prectical center — practical and economical operation of mold- a 
ejection of 1” or 114" mounted specimens. tools were paramount in the development 
The heating unit is controlled by thermostat of this new AB Centermet Press. 
. need be removed fram the press, 
‘ ALLURGICAL APPARATUS 
GREENWOOD ot Hertrey Ave., EVANSTON, 1LL., U.S.A. 


O2 pictures an 1 sketches 


An evening with this interesting booklet will bring you the 


fascinating story of alloys and what they do for today's better 
steels and irons. For your copy of Hot-Metal Magic,.”’ write 
to Electro Metallurgical Company, a Division of Union 
Carbide and Carbon Corporation, Room 350, 30 East 42nd 
Street. New York 17, N. Y. In Canada: Flectro Metallurgical 
Company, Division of Union Carbide Canada Limited, 
Welland, Ontario 
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Industrial Notes 


Mallory-Sharon Titanium Corp.. 
Niles, Of unnounced the quantity 
production of two new Utaniun al- 
loy First of the two in production 

the 6 aluminum-4 vanadium (MST 
6Al1-4V jeveloped by Armour Re- 


earch Foundation under contract to 
Watertown Arsenal Laboratory. The 
econd alk termed the 3 man- 
ganes« plex alloy, and is com- 
posed of 3 pct Mn, | pet Cr 1 pet Mo, 
1 pet Va, 1 pet Fe, the balance Ti 
« Engineering evaluation of a nu- 
clear power plant system using liquid 
metal as fuel is underway at the 
Atomic Energy Commission's Brook - 
haven National Laboratory. The 
evaluation is being made by a group 
of 14 industrial and 3 other organiza- 
tions, it was announced jointly by 
the Babcock & Wilcox Co., respon- 
sible for the work, and the labora- 
tory. The system is intended to gen- 
erate electric power, breed new fuel 
for itself, deliver by-products to 
waste tanks, all in continuous proc- 
ess. It would provide the first usage 
of a liquid metal alloy, in this case 
uranium-bismuth, as fuel stream to 
interconnect continuous processes. 
The Laboratory Electron Mi- 
pt the dept f engineering 


{ Engineering, Cor 


ree Uy ersity, will again give the 
ammer urse in Technique and 
Apr the Electron Micro- 
cope rhe wt 4 from June 
ijt under the direction of Prof 
He n M Siege (,uest lecturers 
t? sear be Prof. E. Ha rf 
MIT nd Prof. R. C. Williams of the 
[ ‘ ty of California 
e The wu d largest slab heating 
furnace e been erected at the 
Wwe Stee { piant Weirton 
Ss face Combustion rp 


Toledo, Ohio. Each of the three fur- 
naces will have a normal capacity 
to reheat 200 tons of steel slabs to 
rolling temperature per hour. The 
furnaces are about 118 ft long, and 
wide enough to take 26 ft long slabs. 
e A new cold mechanical pipe ex- 
pander is in operation at the No. 3 
seamless pipe mill at U. S. Steel Corp., 
National Div., Lorain Works, Lorain, 
Ohio. Designed to produce pipe for 
high pressure gas and oil transmis- 
the installation will pro- 
pipe from 16 


sion lines 
duce cold-expanded 
in. min to 26 in. max, OD, with 
wall thicknesses to % in. Pipe is 
made of medium-carbon killed steel 
Billets up to 12% in. diam and 
weighing between 1% to 3 tons are 
pierced in a Mannesmann-type mill 
They are then expanded in a rotary 
rolling mill. After trimming pipe 
goes to the cold expander. A 60 ft 
ram of 14-in. seamless pipe is posi- 
tioned at one end of the pipe. An ex- 
pander plug is fitted on the bar cap 
under 300,000 Ib of 
pressure, forces the plug through the 
pipe. A set of five plugs are used in 
sequence, permitting uninterrupted 
operations and cooling of plugs be- 
tween use 

e The George P. Reintjes Co. has 
issued a brochure covering sand seal 
castings for soaking pit covers. It 
covers the Reintjes inverted V prin- 
ciple for forming a double seal to 
level the sand lengthwise. The copy 
discusses some problems in success- 
ful pit cover design and operation. 
e Among the expenditures in Armco 
Steel Corp.'s $60 million expansion 
program will be $25 million for a 
new 56-in. hot strip mill and other 
projects at the Butler Pa., plant. An- 
other $18 million will be spent for 
two 275-ton open earth furnaces at 


and the ram 


Middletown, Ohio. A $15 million ex- 
penditure at the Ashland, Ky. Works 
will include addition of a second 
reversing cold mill and extensive 
building operations. Armco has spent 


some $275 million for expansion 
since World War II. 

© May 5th is the day set for the in- 
auguration of what has been termed 
“America’s mightiest forging opera- 
tion” when a combination of 50,000 
and 35,000 ton presses start opera- 
tion at the Air Force heavy press 
plant at Cleveland. Aluminum Co. of 
America will operate the plant lo- 
cated adiacent to its casting and 
forging works. Air Force Secretary 
Harold E. Talbot will give the signal 
that is to start the $40 million facility. 
© Kaiser Steel Co. purchased the 
plant and facilities of Union Steel 
Co., a major steel fabrication and 
erection firm in east Los Angeles. 
According to Jack L. Ashby, Kaiser 
vice president and general manager, 
the move is another step in the com- 
pany’s expansion and diversification 
program. Another Kaiser news note 
is the exercise of options by the 
chemicals div. of Kaiser Aluminum 
& Chemical Corp., on 160 acres at 
Columbiana, Ohio for its new $4 
million basic refractory brick plant. 
The property is being purchased 
from A. W. Andrich, C. R. Hollen- 
shead and the Roller family 


AJAX Engineering Corpora- 
tion, Trenton, N. J., wishes to 
correct a temperature figure 
which was given in their April 
advertisement in the JouRNAL 
or Metas. The statement was 
made that the temperature of 
the melt is held at 870°F. This 
should have been 1170°F. 


American Institete of Chemica! 


May 
Engineers 
Texas 


Shamrock Hotel, Houston 


Electrochemical! Seetety, Ine. Sher 
Git Hote at 


May Blectrechemice! Sectety, Shereton 
Gibson Hote Cincinnati, Ohio 


May Nations! Serew Machine Preducts 
Acen ent Statle Hote 
q Y 
May Amertoen of Spectregrephers 
sere hicag 
Mey * Nations! tedestrial Adwe thers 
Aeon ent Sine Park 
Mew Metal Treating tnetitete " 
ecting Ambassador Hote Los 


May (6-10. Metal Pewder Asen Bellewve 


Stratf i Hote Philadeiphia, Pa 

May State Cellege sy rn gx 
: Aut Engineering for Tomor 
~. sing. Mic? 


May 14-28. Chemtes! Engineering & Eqsip- 
ment Exbibitien. Frankfort-am-Main. Ger 


many 


May 16-19. Amerteen Mining Congress. con! 


convention and expesition. Public Audito 
rium, Cleveland, 
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Coming Events 


May 18-26, Poereetain Enamel! Institete, mid- 
nee, Edgewater Beach Ho- 


year div 
te Ch 


May 18. AIME, Utah Local Section and Uni- 
ersity of Utah Student Chapter, joint 
meeting 


May ti AIME < umbia Section Student 
Meeting. State College of Washington, Pull 
Wast Student papers program. base 

ball game, d er 


May 1, Chemical Inetitete of Canada. 
conference, Quebec, Canada 


annua 


May 31. Werld Pewer Conference, Interna- 
thenal Executive Committee, Paris, France 

Jene 1-18 Jetnt Metallergics! Sectetics, 

European meeting 

Weiding Sectety na 

Muehiebach Hote! 


Jene 7-10 
t spring meeting 
Kaneas Cit M« 


June 8-18 Internationa! Orgenization fer 
Standardisation, genera) assembly meeting 
Stock holrr Swueder 


15-25. Cornell University, summer leb- 
ratory course, Techniques and Applice 
tions of Electron Microscope, Ithaca. N 


Jene 14.16. Conference on Magnetiom ond 
Magnetic Materials, AIEEE. AIME erican 
Physica Soctety Carnegie Inetitute of 
Tect William Penn Hotel. Pitts 
burgh, Pa 


AIME. Spokane Subsection. Desert 
Hotel, Spokane, Wash 


Jane 17 


Jene 19-23, ASME, semi-annual meeting 
Statier Hotel, Boston, Mass 


June 20-23. Industria! Finishing Exposition, 
Cleveland Public Auditorium, Cleveland, 
Ohio 


June 20-24. American Sectety ter Engineer- 


ing Edecation. annual mee Pennesyl- 
vania State University, State College, Pa 
June 26-Jely 1, ASTM, annual . Chal- 


fonte-Haddon Hall, Atlantic City. J. 


June t8-July International Electrochemical 
Cemmissien. London 


Se 6-16, Metsl Shew. Chicago Coliseum, 
Chicago, 


Sept. 14-16. Pereelsin Enamel! Institete. an- 
nual shop practice forum, Deshier-Hilton 
Hotel and Ohio State University, Colum- 
bus, Ohio 


Sept. 25-28. American Institute of Chemica! 
Engineers, Lake Placid Club, Lake Placid, 
N_Y 


Oct. Electrochemical Seciety. William 
Penn Hotel, Pittsburgh. Pa 

Oct. 17-19, AIMEE. IMD. fall meeting. Adel- 
phia Hotel. Philadeiphia, Pa 

Nev. 4, AIME. NOHC. Pittsburgh Loca! Sec- 
tiens, annual off-the-record meeting. Pitts- 
burgh, Pa 


Can your testing 
pass 


(Check box for each “no” answer. If “yes,” leave blank.) : 
Ne No 
Does my present equipment heve Can obtein high magnification 
infinitely variable speed control? stress-strain recordings? a 
; Does it have unlimited testing : 
Can it contro! rate of loading? stroke over the complete distense 
between upper crosthead and 2 
weighing table? = 
Car it contro! rate of strain? 
Can it handle off-center loads? 
Can it hold stress or strain in 
the elastic range indefinitely? Can it unload as accurately as it 
loads? 
Can it utilize automatic load hold- 
ing attachments? Does it have simple controls? [] ; 
Is its drive smooth enough not to Is its accuracy independent of the (ee 
affect the indicating system? operator's skill? BS. 


Are you proud of the appearance of your testing equipment? [] 


lf your machines rate more 
than 4 “no” answers, they may 
be inadequate for today's con- 
ditions. Better clip this list and 
mail to us. Without obligation 
well be glad to give full in- AcomE 
formation on what you could 
accomplish with machines that 

do have the features checked 

Also check here for Catalog 
RG-14-55 describing Riehle's 
complete line of modern test- 

ing equipment 


erare 


Mail fo: RIEHLE TESTING MACHINES 
Division of American Machine and Metals. Inc Dept. jM.555, East Moline, /ilinois 


Just how well are your present machines suited to modern t sting procedures ? 


Many mac hine snow in use are by today’s standards limited im versatility and 


convenmence and may bee of questionable accuracy 


Here's an easy way to find out if vour equipment is doing as complete a job as you 


could accomplish with up-to-date machines Simply ask yourself the questions on 


the check list and determine how vour equipment measures up to modern 


Riehle machines 


This check list also provides a chance to learn the full implications of the 


features referred to in the questions. Simply check off these features that are lacking 


in youT present equipment. Clip and mail the list now so you'll have the 


information in your files. No obligation 


TESTING Division of 
RIEALE wacuines 


One test i# worth a thousand expert opinions” 


. 
4 
5 
on 
= 
> 
| 
4 A 


mae 
| 


are made of “T-1" Steel. 


the bucket 


by 10 cobic yords. 


"T-1" Steel Plate. Liner plotes 
Steel Plate only 6 

d large tings a foct thick in the lip of 
lighter weight construction with “T-1" Steel 
made it possible to increase the cudic capacity of the bucket 


7 
USS STEEL 


in big machines 


cuts weight, cuts cost, increases service life 


Hanna Coal Company just can’t af- 
ford to have this giant 50-cu. yd 
shovel break down. This machine 
can move 2.280.000 tons of material 
a month, and it must operate con 
tinuously—24 hours a day, 7 days a 


week—to pay off 


Strong, weldable “T-1" Steel has 
improved the performance of this in 
credibly rugged machine, and it also 
has cut cost and weight. It enables 
the designers to use fabricated parts 
in place of larger, heavier, more ex- 
pensive castings. And these lower 
cost fabricated parts last longer than 
castings. As a result, Hanna Coal 
Company has standardized on “T-1”" 
Steel for the vital parts of much of 


its heaviest-duty equipment 


Write for complet information on 
new USS “T-1” Steel. It has applica- 
tion in pressure vessels, rotating ma 
chinery, structural steel towers, steel 
mill equipment, big trucks, mine cars, 


and elsewhere 


USE ''T-1" AT HIGH TEMPERATURES. New 
USS “T-1” Steel has good creep rup- 
ture strength up to 900° F. It is being 
used in heavy-duty parts that oper- 
ate at high temperatures 

USE "'T-1" AT LOW TEMPERATURES. This 


same steel is amazingly tough at sub 


zero temperatures. In pressure ves 

sels, it has survived impacts of 

2,000,060 ft. Ibs. at 38 degrees below 

zero F. 

USE ‘T-1" TO CUT FABRICATING COSTS. 

You have a yield strength of 90,000 2 
psi. in “T-1" yet you can weld or i 
flame cut this steel without pre- or fi 
post-heating. Your welds will develop a 
the full 90,000 psi. And you can fab oo 
ricate parts either in the shop or the : 


field—wherever it is more conveni 


ent and less costly 


Visit the U.S. Steel Booth at the 
AMERICAN MINING CONGRESS AND COAL SHOW 


MAY 16-19, 1955 


UNITED STATES STEEL CORPORATION, PITTSBURGH 
TENNESSEE COAL & IRON 
UNITED STATES STEEL SUPPLY DIVISION WAREHOUSE DISTRIGUTORS, (COAST 1O-COAST 


CONSTRUCTIONAL ALLOY STEEL 


(OLUMBIA-GEWEVA STEEL DIVISION, SAN FRANCISCO 


CLEVELAND, OHIO 


OW FAIRFIELD. ALA 


Tore 


é 
The entire shell of the bucket on this 50-cu. yd. power shovel 
| 
a 
a3 
| 


The two billets shown were produced by a prom- 
inent manufacturer of 310 stainless steel. Before rare 
earth additions, the billet on the left shows a coarse 
columnar structure, with frequent corner cracks. Heavy 
cogging was necessary to permit rolling with a mini- 
mum of hot tearing; after rolling a grinding loss from 
the edges incurred additional production time and 
expense 

Consider the billet on the right, and the great 
improvement made by a small economical addition of 


MCA RareMeT Compound. The fine primary crystal 
pattern shown in the sectional view is taken from an 
unretouched, unmagnified photograph. This steel was 
rolled without intermittent heating cycles from ingot 
to billet, and frequently to final size, all with a mini- 
mum of hot texring 

SACA's RareMeT Compound is currently being used 
successfully in A.LS.I. grades 309, 310, 316, 317, 
and other stainless steel by many progressive pro- 
ducers. Write today for further information. 


MOLYBDENUM 


Grant Buslding 


CORPORATION OF AMERICA 


Pittsburgh 19, Pa. 


Owes Pi bergh Detro® Lor Angeles, New Yort Son Francisco 
Seles Edger Fina Detrow, Co. ios Angeles, Son Francesco 


Cieveiand |mgsten, Clevetond 
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Plants Washington, Pa, Tort, Po. 


can judge | a billet by its cover 
| 
+ 
fi a a 


have great confidence in you—our customers! 
It is because we have this confidence in you that we a 
substantially increased the production capacity of our Niagara . 
Falls, N. Y. and Morganton, N. C. plants. : 
It is because of this confidence that we are constantly oa 
engaged in far-reaching research and developmental activities 72 
to insure your steadily increasing acceptance of our products 7 


in the years to come. 


And it is because of this confidence in you that we look 
forward to still greater rewards from our partnership in your 


progress — to the degree that they are merited through the 
dependability of our products and the alertness of our service. 


Pas 


ELECTRODES. ANODES, MOLDS and SPECIALTIES ‘e 
ADMINISTRATIVE OFFICE: 18 East 48th Street, New York 17, N. Y. ee 
PLANTS: Niagava Falls, N. Y.. Morganton, N.C. a 

OTHER OFFICES: Niagara Falls, N. Y., Oak Park, Ill., Pittsburgh, Pa. a 


Sales Agents in Other Countries: Great Northern Carbon & Chemical Co., Lid... Montreal: 


Overseas Carbon & Coke Company, Inc., Geneva; Great Eastern Carbon & Chemical Co. Inc., Chiyoda-Ku, Tokyo 
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/- HIS omething that could happen to any engi- 
neer, almost any day in his professional life. He 
ts before a typewrite staring at it, occasionally 
fiddling with the key sometimes even punching 
out a few words. Sheet after sheet of paper finds 
its way into the wastebasket. He sits there, two 
steps away from an idea, but still too far to reach 
out and grasp it. The engineer may be aware that 
the U © clear in his own brain must be tz 
mitted pape n such a manner that they will leap 


om the page into the reader's conscious without 


effort. But how can he possibly take years of work 


and iense it down to the confines of a few sheets 
f paper It may be a report to management, or a 
tec? paper, or a speec h. The problem remains 
tive 
Cor ition has become so important in the 
ry te world that many firms have people whos« 
yb it to expedite the flow of information, as there 
are peop esponsibie for sale engineering, oper- 
d other functions. It has become a complh- 
ited field, filled with filing cabinets, electronic 
bra t r n writing and speaking, millions of 
f wire, and much deep thinking. Underlying 
need f the understanding of the 
nece ty f lirectne ind simplicity. In recogni- 
on of tl need the American Society of Mechani- 
ul Engines levoted its 75th Anniversary Meeting 
I} general s« n was devoted to The Engineer 
H Comn tior with Col. Willard T 
pre ve pane ny ed of Edgar 
+ ik ‘ lent f the Advert ng Research F ir 
lent of the Simmons- 
Board n Publishing ‘ Ormand J. Drake, as- 
! eta f New York University; and E. W 
Engstror executive vice president, research and 
é ‘ Radio Cory f America. Colone] Chev- 
‘ lelineated the problem at the start by saying 
ine of the interesting developments of the time 
we are ving i the strange and sometimes new 
nportance that is being attached to words We 
hea lina everyday words that we always 
thought we understood and we find them in strange 
context We find that special meanings and signifi- 
cances are being attached to words that we always 
ked ipon a ld fami i The word communi- 
catior re t these The battle f men 
mind t called today, is primarily a matter of 
< tior ind I am afraid that one of the dif- 
f the le with t? matter of commur a- 
hye yp le that to« muect the m- 
mu at co ts of words and not enougt f 
le 
} ir Kobak re nted } ea la us a tech 
iga w rt tr 
t t ef ent t hangs ‘ 
ed by +} oon a ‘ that or 
gir Sed and ¢ 
ex ve toda tha the Nt nm those 
at 
M tex t? it the he t 
he find i gradual change taking piact He want 
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engineers to get out and take part in the community 
affairs of the world. Engineers, he says, are bashful 
and in fear of not being understood. In speaking of 
the current upsurge in the public utterances of pure 
scientists, Mr. Kobak had this to say 

‘I do not say that scientists do not have the right 
to comment on things, but they have got to give 
the matter thought and know what they are talking 
about and have ideas.” 

James Lyne pointed to the “ample and constantly 
widening external facilities for communicating with 
other engineers But because of the magnitude of 
the ways of communicating, merit alone in the com- 
munication is not enough to win an audience. “Some 
engineers as well as other scientists seem to believe 
that the art of getting attention is somehow un- 
worthy of their attention. Also, there has been, not 
e part of engineers but on the part of other 
cientists certainly, a thought that if they can only 
et what they dreamed up into the archives whether 
it has any practical application or not, they have 
won the battk 

Ormand J. Drake, entered into the discussion by 

arting his talk with an object example of the ap- 
plication of one of his theories of speech. “I knew 
time that I had that I could not possibly 

this subject, the whole thing, and have 
anybody take home what I wanted him to take with 
him, so I limited it.” 

Mr. Drake pointed out that written or spoken 
designed not for the speaker or 


writer, but the audience. His “single condemnation” 


about those who make technical speeches, about 
most technical speaking, is that it is not human. He 
has no designs on making great orators out of engi- 
nee! The aim is two-fold—having people inter- 


remarks from the platform 
and through that interest, 


ested in the engineer's 

on a technical subject; 
understand 

“A good technical paper is seldom 

a good technical paper is never a 

and curiously enough, the better it is 


if ever a 
good speecn 
good speech 
as a technical paper, the worse 

Narrowing the subject down was emphasized by 
Mr. Drake as of primary importance as soon as the 
audience is known. “Do not try to tell the whole 
) any given speech. Do not even try to tell a 
big part of the story. You cannot do it. This is be- 
of the difference between that moving word 
and that nailed-down written word.” 

Mr. Drake also advises that the speaker deter- 
what he wishes to do in terms of the 
pa ular audience. Then, “ 
rom the listener’s point of view.” It’s also a 
good idea, according to Mr. Drake, to tell the listener 
you are going by stating the subject. An- 
other rule is to arrange ideas so that the listener 
ip to the subject early. The final 
osition offered by Mr. Drake is the use of sim- 
guagt “A speect rt 
yut sometimes it looks like a circuitous route rather 
than a short cut.” 

E. W. Engstrom emphasized the engineer's grow- 
ing importance in the field of communication in 
view of the tremendous growth of means. He traced 
the past, present, and possible future of communi- 


t can be as a speech.” 


mine exactly 
find the most important 


where 


sees his relationsh 


le lar 1 is a short cut to reality, 


cation methods. He saw a need for the scientist- 
engineer relationship to broaden to include “the 
arts, the humanities, and politics.” These will be 
the needs of the future in order that the scientist 
and engineer may discharge with competence their 
growing responsibilities 


HERE is every possibility that Soviet scientists 
will be playing around with an American atomic 
energy reactor this summer. It will all be on the 
up-and-up and the Russians won't learn much that 
will help them make bigger and better bombs. The 
occasion will be the August meeting of the United 
Nations at Geneva for the purpose of exploring 
means for the peaceful employment of the atom 
The Atomic Energy Commission plans to install 
a swimming pool reactor for exhibition at the con- 
ference, and “Qualified scientists and technicians 
will be allowed to operate the machine using the 
controls to start, maintain, and stop a nuclear chain 
reaction,” the AEC announced. Invitations to the 
meeting have been sent to 84 nations and it is ex- 
pected that the Soviet and its nine satellites will 
come. President Eisenhower, in line with his atoms- 


for-peace program, wants Soviet participation The 


Russians at least seem to be willing to play 

The swimming pool reactor will be sunk in a 10 ft 
sq, 20 ft deep pool. The reactor is similar to one at 
Oak Ridge and others of its type are being built by 
Pennsylvania State and Michigan Universities 

It’s quite suited to the needs of a nation just be- 
ginning an atomic energy program under the U.S 


This is the first modular type 
1000-ib high vacuum furnoce 
It's going through final tests in 
the Rochester plant of Consoli- 
dated Vocuum Corp. The unit 
is being instalied ot the metal- 
lurgical development laboratory 
of Westinghouse Electric Corp. 
Blairsville, Po 


“/rende 


partnership proposal. The reactor works on a w eak 
mixture of uranium the U. S. is willing to supply 
for peaceful purposes. The fuel is unusable for 
weapons manufacture, but will perform experiments 
with neutrons and gamma rays, and produce radio- 
isotopes. The Geneva project will be handled by Oak 
Ridge, operated for the AEC by Carbide & Carbon 
Chemicals Corp., a subsidiary of Union Carbide & 
Carbon Corp. Reactor cost is estimated at $350,000 


U S IRON ore imports were the greatest in its 
e Wehistory in 1954, with 17.7 million tons en- 
tering the country, 60 pct of the total coming from 
U. S. developed properties in Venezuela, Canada 
and Liberia 

Dept. of Commerce records indicate that the new 
high is 42 pct greater than the previous record set in 
1953. Venezuela supplied 5.8 million tons, a 250 pet 
jump over the previous yea! Another 4 million came 
from Canadian fields, or 90 pet more than in the pre- 
vious year. Strangely enough, Canada last year im- 
ported 2,935,237 net tons of iron ore from the U.S. in 
1954. Ore exchange between the U. S. and Canada } 
largely based on mine-to-plant location. Liberian 
shipments to the U. S. were 857,000 tons, up 6 pet 
over 1953 

Peru sent 945,000 tons of ore to the U. S. in 1953, 
and nearly 2.2 million tons last year. Chile and 


Sweden, long standing shippers 


to the U. S., sent 


significantly less ore to this country in 1954. Chile, 
the largest exporter of ore to the U. 5S. in 1953, fell 
to fourth place, while Sweden dropped from second 


to fifth 
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, | *HE American male in his most recent attempt to 
how that pioneer blood still courses through his 
vein 


Le the Do-It-Yourself movement, may be 
inwitting inde ning the ve tern which has 
give tm ft the cult Dasic weapon tre in 
di Whether ego, economic, or recreational moti- 
vatior are behind the desire to do-it-yourself, 
financial writer are saying that the cult is en- 
dangering the principle of division of labor 

If, the warn, the trend continues and painters 
nbe carpenters, masons, etc., are bypassed in 
f f om own inner resources—one may find 
eseit st k wit? ‘ wr ttle talents Peor le 
A tart doing their wn advertising campaigns, 
j t irself kits will furnish everything needed 
t ike I bear and so on. At the recent Do-It- 
Yourself Show in New York City ne enterprising 
nk took exhibit pace and emphasized How-To- 
Finance purchase of equipment and materials, and 
al ‘ vernent without so much as 
i ne a Doing-It-Yourself can de fun, 
ve ne and ve a man a sense of achievement 

4 t ! irive him down to a 98 lb weakling 

ed and true solution. The 

r arefully t maxe sure 

‘ ure 7 ng 4 better 

‘ paint epilace the washer 

(M M } 


N the 0 vea that the Ba nne research labora- 
] Int Vickel Co., have been in 
it Dack In opera- 
tior ' ‘ nine Cor lering that this period 
i times it is an indica- 
tion of the value of research to the company. An 
nt innovation ha ist been made that will 
ly extend the 


jone taff members will be per- 


th arch staff and probabl 
nd a portion of their time on projects 


I? nformatior ame to light during a visit to 
the Bayonne esea aborat f last month. The 
pu e of our trip was t ee the new plating lab- 

ana t witne lermonstrations of a new 
n re tant y for the chemical industry, 


ation of new plating cesses and coatings, re- 
Ca limed at new for nickel, and research to 
tings. It is a re- 
designed t handle all work 
f t plant that ap- 
' ximates the perations of an actual industrial 
T? pilot plant. considered to be the 
world niy fully automatic pilot plating plant, has 
area 145x65 ft and 
has prov n f plating and 

or cleaning The machine is con pletely automatic 


great flexibility. It encompasses ar 


13 diff 


ror i. erent 


Stakes 


except loading and unloading, and can handle 
work up to 3 ft in cross-section. It can be operated 


fer 


entirely from a control panel board where time, cur- 
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rent and voltage for each stage of a cycle can be ob- 
served and controlled. Also included in the plating 
laboratory is a manual plating line of 18 stations 
The new high nickel alloy, called Nionel, contains 
approx 40 pct Ni, 21 pct Cr, 3 pet Mo, 1.75 pct Cu, 
31 pet Fe, and small amounts of Mn, Si, and C. The 


relatively high nickel content plus molybdenum and 
copper make the alloy considerably more resistant 
to hot sulphuric, sulphurous, and phosphoric acid 
solutions than any of the common stainless steels. 
The chromium content is sufficient so that when 
fortified with nickel, the alloy resists a wide variety 
of oxidizing chemicals. It is expected that Nionel 
will find major applications in the sulphuric acid 
pickling of iron, steel, and copper base alloys; in 
petroleum refineries, synthetic detergent plants, 
rayon manufacture, ore processing plants, handling 
combustion gases and condensate from sulphur- 
bearing fuels, in the pulp and paper industries, and 
in the wet process for producing phosphoric acid 
from phosphate rock. The good resistance of Nionel 
to pitting attack in sea water and also to stress-cor- 
rosion cracking in chloride solutions should lead to 
applications in tubular heat exchangers. The alloy 
is strong and weldable, with mechanical properties 
on the same order as those of Inconel. It is produced 
in all standard mill forms including plate, rod, seam- 
less condenser tubing, pipe and extruded tubing 

To fulfill the long existing need for a welding rod 
capable of making strong, ductile joints between a 
large number of metals of substantially different 
compositions, the research laboratory announced the 
development of Inco-Rod A. The area of its greatest 
usefulness is expected to be in the joining of so- 
called ferritic materials, like mild steel, to the aus- 
tenitic or stainless steel compositions. In addition, 
either group of alloys can be successfully joined to 
high nickel alloys such as Monei and Inconel. Pilot 
plant lots of Inco-Rod A have been made and tested 
in 20 dissimilar metal combinations: Mild steel to 
304 stainless, mild steel to 405 stainless, Croloy to 
347 stainless, mild steel to 330 stainless, 405 stain- 
less to 316 stainless, mild steel to 316 stainless, mild 
steel to 310 stainless, 304 stainless to 410 stainless, 
mild steel to 347 stainless, Croloy to 304 stainless, 
405 stainless to 304 stainless, 405 stainless to 310 
stainless, 405 stainless to 347 stainless, 405 stainless 
to 330 stainless, mild steel to Croloy, mild steel to 
410 stainless, Hastelloy C to 316 stainless, Monel to 
10 stainless, Inconel to 347 stainless, and Inconel to 
405 stainless. In all combinations the welds were 
ductile and cravk free and the joint strength was 
sufficient to force failure in the base metal in tensile 
tests. In most cases, the corrosion properties of the 
weld deposit were superior to the parent metals 
involved 

For the welding of Inconel to itself, the Inconel 
132 electrode represents a substantial improvement 
The new electrode has a highly durable coating, and 
it is no longer necessary for the user to rebake the 
electrode to insure top quality weld deposits 


S. Cohan 


a the welding of dissimi- 
‘ lar meta nd a new proved Inconel welding rod 
This tir lab nererned with the 


Lightness in equipment saves manpower 


when materials are on the move 


That’s why magnesium is being used more and more to 
build lightweight but rugged materials handling equipment 

to save manpower. Dockboards, platform trucks and 
hand trucks are just a few of the many applications where 
magnesium’s light weight has increased efficiency and 
saved money. 


One fourth the weight of steel, one third lighter than 
aluminum, magnesium has simplified design problems 
while maintaining maximum strength required. Fabrica- 
tion is also made easier by the excellent weldability, 


forming, drawing and machining characteristics of magne- 
sium. 
"Made of Magnesium” 


To the equipment purchaser, 
To the equipment 


assures peak eficiency in operation 
manufacturer, magnesium has become the key to more 
useful products, greater volume and complete customer 
satisfaction. 

For further information about 
nearest Dow sales office, or write to THE DOW CHEMICAL 
company, Midland, Michigan, Dept. MA 317H. 
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you can depend on DOW MAGNESIUM 
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35-Ton Nickel Steel 


ist en by horse 
powe I s shaft is 46%, ng and 
has « max liarnete 28". It is 
at Fre Stobie Mine the 


Hie mine 


ed a shaft forged of 3% 


Shaft for 14 «x 


any Canada, Lt 


How nickel strengthened the shaft for 
Canada’s highest powered mine hoist 


giant Because nickel, either alone or in 
per combination with other alloying ele- 
ments, provides a number of ad- 


vantages 
ne thing, it has a strengthen- 
n ferrite independent 

ontent or heat treatment 
steel 


re of the 


For another, it lowers the rate and 
temperature of the upper transfor- 


Increased strength, hardness mation, thus inducing better re- 
toug) and ther echar al sponse to the mex essarily milder 
[ irge ! ging ce pe nd heat treatments used. And it reduces 
to a great extent upon selection of grain growth. 
all ntent Whenever you face a metal prob- 

Accordingly, to attain maximum lem, let us help you make a selection 
strength and toughness in the shaft that will meet your particular fab- 
of Canada’s highest powered mine ricating and 


and service require- 
ments. Send us details of INCO 


your apy heations, for 


our suggestions. 


THE INTERNATIONAL NICKEL COMPANY, INC. 


1955 


Frood- 


Double Drum Hoist for the 
Stobie Mine, during course of shop erec- 
tion by the builder, The John Bertram & 


Sons Co., Ltd., Dundas, Ontario. Spiders 
that support the steel shell of the hoisting 
drum cast in an iron containing 
142% nickel to assure adequate 
strength in the 74,600-pound drum-spider 
assembly. This hoist, operated by push 
button control from a station far under- 
can lift skips containing 15 tons 
at an average rate 


were 


ground 
of nickel-copper ore 
of 14,000 tons daily 


67 WALL STREET 
NEW YORK 
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IN LARGE FORGINGS such as this 
Liquid quenching of heavy forg 
ings is usually impractical. Even ¢ 
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strict ] ng tor ites w h render A 
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International Nickel Co., has finally officially unveiled the 
details of its oxygen flash smelting process for the ex- 
traction of copper from ore concentrate. Inco is now using 
the method exclusively for treating all its copper sulphide 
concentrates. The process has completed a full year of 
successful operation, according to C. E. Young, who reported 
to the annual meeting of the Canadian Institute of Mining 
and Metallurgy. JOURNAL OF METALS, April 1954, carried ' 
some details of the process and the complete story will 
appear in June 1955. It eliminates the fuel normally re- 
quired for smelting and permits production of by-product 

liquid sulphur dioxide. 


A closed die forging press of 100,000 tons may not be too far 
in the future, according to Erwin Loewy, of Loewy Construc- 
tion Co. Mr. Loewy stated that the plans for such a press 

have been presented to the U. S. Air Force. A 35,000 ton 

press has been operating since March 8 at the Wyman-Gordon 

USAF plant. Heinrich Albers, Loewy chief engineer, feels 

that “the law of diminishing returns" on closed die presses 

will not be reached until 500,000 tons of pressure have been 
attained. 


Secret testimony disclosed by the House Appropriations Committee 
indicates that life of the atomic reactor aboard the Navy 
submarine Nautilus is from two to three times greater than 
expected. The original life estimate for the reactor is 
still a closely guarded secret. 


Nickel for civilian use is expected to be scarcer in the second 
quarter, despite 3 million 1b from stockpile that will go 
into industrial use during the period. The Business and 
Defense Services Administration blames an increase in 
priority defense orders for nickel-bearing steels in April. 

Overall supply for defense and non-defense uses during the 

second quarter will be about the same as the first. 


Foster Wheeler Corp. announced that it can build an atomic 
power plant for much less than has been estimated up to 
now. The combustion equipment manufacturer states that it 
is ready to build a nuclear power plant with a 100,000 kw 
capacity for $21 million - a cost competitive with some 
present power station costs. Generally accepted estimate 
for the size plant quoted by Foster Wheeler is around 

$25 million. 


Bell Telephone Laboratories announced that the efficiency of 
its solar battery has been practically doubled in the year 
Since its introduction. Efficiency has been raised from 6 
to 11 pet. It compares with the best gasoline engines and 
is more than 20 times higher than that of the best photo- 

voltaic devices. 


tons of heavy water were sold to the Government of India 
by the U. S. for use in a research reactor near Bombay. 

The sale was in accord with the U. S. program for develop- 
ing arrangements with friendly nations to promote peaceful 
use of atomic energy. 
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New G-E Accessories 


contribute greater accuracy 
and versatility to 


X-Ray Diffraction 


4 No. 2 SPG Detector 


Preamplifier for y 


| Proportional Counter 


~w No. 2 SPG Spectrometer 


se with the G-E XRD-3 


G-E XRD.3 x-ray 


Ni SPG Derecror. Us 


No. 2 SPG PrReaMPtirter for proport 


lesigned to work with the No. 2 
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tures scaler of ex- 


SPG Detect 


Gas-filled proportional counter is generally preferred 
because of the semi-monochromating effect of the 
selective absorption characteristics of the gas in nearly 
all x-ray diffraction procedures, 


3. No, 2 SPG SpecrrRoMereR uses a reflecting crystal 
to measure x-ray spectra of small atomic number 
elements in helium atmosphere. Offers vast improve- 
ment of intensities for all elements in air 

Get complete details from your General Electric 
x-ray representative. Call him today or write 
X-Ray Department, General Electric Company, Mil- 
waukee 1, Wisconsin, for Pub. AYA45 
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HE phrase super refractories encompasses a 
unique class of materials, both in composition 
and properties. In this category are bonded refrac- 
tories of silicon carbide, fused alumina, and fused 
mullite—all products of the electric furnace, and as 
a consequence relatively expensive. Impact of their 
cost on those hearing it for the first time invariably 
produces the appellation gold brick. Super refrac- 
tories usage, nevertheless, is broad in scope and is 
quite essential to nonferrous metallurgy, usually 
proving to be gold brick from the standpoint of 
value received 

Each product constitutes a group or family of 
many varieties. One manufacturer claims over 50 
standard compositions of silicon carbide refractories 
developed through bond modifications, changes in 
grit sizes and/or different production methods. In- 
dividual group members retain to a major extent 
the properties of their principal constituent. Often 
one or two properties can be further enhanced by 
scientific control of the variables mentioned, there- 
by increasing product suitability for a specific job 
Concurrently, material selection for an installation 
becomes increasingly difficult and emphasizes the 
need for full cooperation between refractories pro- 
ducer and user 

Added to these three families of products is 
another group, essentially fused alumina, but so 
different in structure, properties, and application as 
to justify separate classification. This group has 
been called fusion-cast refractories. The raw mate- 
rials used in their making are melted, cast into 
molds, cooled and then annealed; all steps simulat- 
ing those followed in producing cast metal parts 
Conversely, screen sized grains and spheres of sili- 
con carbide, fused alumina and fused mullite may 
be readily bonded, formed by several methods into 
shapes, dried, and fired. 


Refractory Properties 


Tabie I lists four groups of super refractory ma- 
terials and shows chemical compositions and physi- 
cal properties of specific, widely used varieties of 
each type. It will be noted that high thermal con- 
ductivity, excellent wear and spalling resistance, 


B. M. JOHNSON, A. A. TURNER and H. S. SCHROEDER ore re- 
spectively General Manager, Technical Manager, and Senior Engi- 
neer, Refractories Div, The Corborundum Co., Perth Amboy, N. J 
This poper wos presented ot the AIME Annual Meeting, Chicago, 
Feb. 14 to 19, 1955 


Super Refractories Give 
Operators Unique Range of Properties 


by B. M. Johnson, A. A. Turner and H. S. Schroeder 


low porosity, and high hot strength distinguish the 
silicon carbide group. In the fused alumina group, 
purity and heat conductivity are the main attributes 
of the low silica type, whereas the lightweight prod- 
uct is characterized by its light weight, high poros- 
ity and low rate of heat transfer. This latter mate- 
rial is made from hollow spheres or bubbles of 
alumina. The mullite refractories exhibit high load- 
carrying strength at elevated temperatures, ability 
to withstand metallic oxides and no excess or free 
silica. Corrosion resistance, purity, and dense 
homogeneous structure highlight the fusion-cast 
materials property-wise 

Common to all super refractories is the faculty of 
resisting high temperatures which, while of majo: 
import, can also be deceptive. Many kilns, furnaces 
and processing equipment, functioning at room to 
moderate temperatures, employ these materials for 
some unique property or properties other than that 
of heat resistance. Super refractories are seldom 
selected simply because they stand at the upper end 
of the temperature scale 

Considered on the basis of Pyrometric Cone 
Equivalent values, super refractories rate Cones 37 
to 40 compared with Cones 31 to 33 for some high 
duty firebrick and Cones 33 to 34 for superduty 
brick. This narrow spread suggests the second way 
in which this property of refractories can deceive 
Under heat, fireclay materials begin to soften sev- 
eral hundred degrees below the temperatures indi- 
cated by their PCE values so that much of thei: 
usefulness is lost long before theoretical limits are 
reached. Super refractories, on the other hand, re- 
tain strength and rigidity at temperatures much 
closer to their PCE values with great increase of 
serviceability 

Illustrating this point is the comparison shown by 
Fig. 1. These four brick, commonly used to resist 
high temperatures, were held at 3000°F for 5 hr 
Only one, marked M, is a super refractory and it 
alone is untouched by the heat 

High temperature, Ni-Cr alloys also can be in- 
cluded in this comparison. For example, 25-12 Cr- 
Ni steel melts at 2575°F. It can be used under con- 
ditions up to 2000°F but strength drops rapidly 
above 1500°F. 

Uses in Roasting and Smelting 

Multiple-hearth roasters usually develop rela- 
tively mild conditions that refractories, other than 
those mentioned, usually satisfy. Some work, how- 
ever, has been done with a muffled-type unit as 
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Table |. Typical Chemical Analysis And Physical Properties of Bonded And Fused-Cast 
Refractories Made From Electric Furnace Products 


Silieen Carbide Fused Alumina Electric Furnace Mullite Fusion -Cast 
Lew Light- Beta Alpha -Beta 
Prepertics Grade A* Special Silica Regular weight Grade W Grade C Alumina Aulmina 
nil nil 0.18 0.07 
#2 4 2 75.57 78.10 93 80 
67 am 23.47 18.10 0 04 0.80 
27 0.09 27 1.95 0.11 0.12 
tr 0.04 <0.10 0.23 
1 T 0.35 0.10 <0.10 
49 0.40 10 5.62 4.07 
7 40 2) 1.60 <0.05 <0.05 
1 ) ‘ ’ 8 to 39 8 to 39 39 9 to 40 39 to 40 
, ‘ 48 90 90 102 11.6 
, 2 245 2.54 2 80 3.20 
22 66 22.7 21.25 75 2.5 
‘ 2 230 0.230 
44x ‘x 4x 86x10 46x 10 46x10 86x10 82x10 
8 ) 24 24 7 15 i5 24 31 
64 2 ‘ 63 433 267 
0.65°° 0.15 0.29 nil nil 
f poor fair fair fair good 
good ery good good fair low 
arbide « te srieties can be supplied 


Mullite heart} essentially inert the refractory blade can be devised; B—Size range 
withstand me- f ore, for large lumps tend to crack the refractory 
} luctivit f due to impact; and C—Approximate tensile stresses 
ead their use t ybtair developed in actual service. Silicon carbide refrac- 
flow to the Strength of tories have high compressive strength but like other 
th lequate in refractory materials, tensile strength is much lower 
; . xceeding than that of various metals 


Reduction 


e blade The continuous, vertical retort method of reduc- 

he a cor ng zine ore provides one of the most striking illus- 

} gives ; trations of the value of gold brick in nonferrous 

arbide netallurgy. The high heat conductivity and high 

the rr oad-bearing strength of silicon carbide brick ac- 

fact must be count for the economic practicability of the process 

ed é le usage Internal cross-section of the indirectly heated re- 
\—Whett it et fixture holder fo tort shown in Fig. 4 is about 6x1 ft and its 4% in. 
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Fig. 2—Silicon carbide has been used on mufttled-type 
multiple-hearth roasters to obtain rapid uniform heat flow 
to the ore 


thick walls tower 25 ft high. Entrance end or top of 
the retort is shown in Fig. 5 and may give a some- 
what better idea of the construction 

A temperature of 2000°F is required within the 
retort through which briquetted oxide and carbon 
move continuously to reach a capacity of about 12 
tons daily. Roughly, 5 million Btu’s must be trans- 
mitted to the charge for each ton of zinc produced 
As the metal is evolved in vapor form, retort walls 
must be kept tight during useful life that ranges 
from three to five years. Essential tightness is at- 
tained by means of spring compression applied ex- 
ternally to the brickwork 

Silicon carbide retorts are also used for treatment 
of other ores. A process for calcination of briquettes 
consisting of a metallic ore, carbon and a binder, for 
example, utilizes a unit of similar design shown in 
Fig. 6 with dimensions inside the shaft of 6x1 ft 
and 12 ft of heated height. Heat flow through the 
walls in bringing the charge to 1500°F in 4 hr is 


Fig. 3—Comporative 
picture of steel ond 
silicon carbide rabble 
blades shows weor 
after six months ser 
vice in the same fur 
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Fig. 4—Continuous vertical retort showing use of silicon 
carbide hes o 6x! ft cross section and is 25 ft high 
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Fig. 5—Entronce or top end of continuous vertical retort 


shows construction feotures 
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Fig. 6—Silicon carbide retorts are used for calcination of 
briquettes consisting of a metallic ore, carbon, and a 
binder. Diagram furnished by Petrocarb Equipment, Inc 


eded. Uniform thermal flow through the brick 
gely eliminates spalling from the heat shock ex- 
enced. The fireclay brick lined pot to the left in 
8 has had two heats as opposed to 60 heats for 
con carbide brick in the crucible to the right 


A different type of application invoives the elec- 


rolytic cells used in the Dow process for extracting 


Fig. 7—Electrothermic process of zinc ore reduction uses 
two furnoces, 69 in. 1Dx37 ft high and 9% in. x 37 ft high 
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Fig. 8—Fireclay brick 
lined pot to left hos 
had two heats in con 
trest to 60 heats for 
silicon carbide brick 
in crucible to right 


magnesium from sea water. The cell, 5x6x16 ft 
long, contains an electrolyte composed of approxi- 
mately 25 pet MgCl, 15 pet CaCl, and 60 pct NaCl 
held at a temperature of roughly 1300° to 1400°F 
Because of the extremely corrosive conditions, fu- 
sion-cast alumina blocks are placed in the upper 
cell walls. The dense, impervious nature of this 
material makes it a suitable container 


Refining 

Apparatus used in refining zinc continuously by 
distillation is shown in Fig. 9. Each column con- 
sists of refractory enclosed silicon carbide trays, 
18x27x7 in. deep or larger, each with a bottom out- 
let of its own. When stacked, the openings in suc- 
ceeding trays are alternated so that the molten zinc 
travels the full length of individual trays as it cas- 
cades from top to bottom of the column 

Zinc and cadmium are distilled in the left hand 


fractionating column leaving a lead residue, where- 
as cadmium is distilled in the other column with a 
high grade zinc residue collected in the pot. In both 


instances, carefully controlled external heat is ap- 
plied to the trays. It is closely maintained and 
evenly transferred to the metal through the silicon 
carbide trays. The strength of this super refractory 
is much greater than required by the imposed load 
This quality permits consideration of larger trays 
for the distillation process 


Efforts to produce oxygen free copper in a re- 


verberatory type furnace without poling have been 


uccessful installing an arch of relatively thin 


silicon carbide interlocked shapes over the metal 
bath. Combustion occurs above the arch and rad 
ant heat alone i aj pl ed to the metal. Gas leakage 
reported practically nil and fuel consumption is 
lower than might be anticipated 
Another muffle-type furnace, shown in Fig. 10, is 


used to recover metallic zinc and zinc oxide from 


zinc base, die cast scrap. Melting takes place in 
chamber A and the molten metal flows to vaporiz- 
ing chamber C above which a silicon carbide arch 
separates combustion gases and zinc vapors. In this 
distillation area temperatures must be controlled 
closely and gas leakage in either direction cannot 
be tolerated. Economical life of the furnace is de- 


termined by the heat transfer efficiency of the arch.” 


ugh heat transfer is reduced by accretions of 


zinc oxide accumulated beneath the arch and slag 
build-up on top of the arch, more than two years 
service is normal before major repairs are needed 


Tin-lead alloy, aluminum and copper are recovered 


from the residual metal tapped from chamber C 

Fig. 11 shows a typical reverberatory type alumi- 
num melting furnace. A special grade of silicon 
carbide brick lines the sidewalls below the metal 
line as well as the bottom. Unusually high density 
silicon carbide brick, installed in the charging area 
floor, better resist the wear when heavy ingots are 
pushed into the furnace. Upper sidewalls and arch 
are built of fused alumina bubble brick to: A-——re- 
sist fluxes, B—avoid stalactite formations that be- 
come a source of inclusions, and C—eliminate oxide 
formations on the brickwork of the structure above 
the bath. Electric furnace mullite brick and shapes 
are used for the tap, drain and burner blocks to fur- 


nish heat shock and erosion resistance 


Casting, Rolling, Fabricating and Finishing 


Personal preferences and prejudices play prin- 


cipal roles in furnace selection and refractories em 
ployed. There are, of cours more ice type 
than there are casting, roiling, fab ating, and 


finishing operations 
Possibly the simplest furnaces are the stationary 
and tilting types found in nonferrous foundries and 


equipped with from one to four burners and a cru- 
cible in which melting occur These furnaces are 
lined with cement rammed into place or with pre- 


fired shapes backed up with refractory insulation 


> 


Fig. 9—Eoch column in apporctus used in refining zinc 
continuously consists of refractory enclosed silicon carbide 
treys eoch with o bottom outlet 
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Fig 10—Muffle-type furnace used to recover metallic zinc 
and zinc oxide from zinc base, die cost scrap utilizes sili 


con carbide refractories 


+) a ement wre ¢ 
nir ‘ 
gu 
i ‘ 
" ‘ 
‘ 
ju 
‘ tile 4 
‘ 
‘ 
‘ hle nt 
pacKke with a 
pre 1 a ‘ 
his 4 
‘ 
‘ ‘ 


ure formed 
talled fire- 
k, crushed 


thick silicon 


table cement 


liatior 
De nstalled 
eat ypacity 

g lasting 


vole 
§ 
3 


Fig. 11—Special grade of silicon carbide brick lines side 
wolls below metal line as well as bottom m reverbderctory 


type oluminum melting furnace 
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In the electric arc furnace common practice is to 
use a lining of heavy Sillimanite blocks even though 
they evidently create installation and performance 
problems. An operator handling nonferrous metals 
for extrusion, in cooperation with a super refrac- 
tories manufacturer, changed to rammed linings of 
electric furnace mullite cement. Average lining 
life of 300 heats from Sillimanite increased to 1800 
heats; metal qualities improved; operating troubles, 
particularly with slag build up, largely disappeared; 
and refractories cost per pound of metal was low- 
ered. All indications point to similar possibilities in 
other plants using this type of furnace providing in- 
stallation instructions are followed 

Against bearing metals produced in a smaller 
version of the gray iron cupola, it is found that a 


Fig. 12—Aluminum-bronze castings weighing up to 700 Ib 
ore heat treated in an under fired furnace equipped with a 
silicon carbide tile hearth. Life of furnace exceeds three 
yeors as contrasted with one yeor from fireclay hearths 


4% in. thick lining of silicon carbide arch brick is 
more serviceable than other refractory linings 
Downtime for repairs or replacement of the lining 

less frequent and it is easier to hold the metal 
haracteristics desired 

A marked difference of opinion about refractories 
usage prevails in die casting shops operating either 
small or large furnaces, particularly those in which 
aluminum is melted. It can be reported, however, 
that silicon carbide brick and/or shapes have given 
creditable performance when used both above and 
below the metal line Inclusions, with attendant 
jifficulties, are virtually eliminated due to the ma- 


teria pall resistance 
In aluminum die cast furnaces that were shut 
down silicon carbide brick, in a few instances, acted 


in a phenomenal manner when exposed to the atmos- 
phere for a period of time. Decomposition seemed 
to take place and what once was a brick lining be- 
ame a mound of sand having a strong odor of 
hydrocarbon gas. This reaction does not occur if the 
furnace is kept heated. In fact, brick examined soon 
after operation is stopped show little or no deteriora- 
tion. A possible way of expressing the chemical re- 
action is: ALC, + 6H,O 2A1L0, + 3CH, 

In an extrusion mill furnace, used for heating 
brass billets 6%4 and & in. diam in lengths up to 22 
ft. five rows of billets are pushed end to end over 
7 ft of silicon carbide troughs or skid rails. These 
required no attention for over three years at which 
time they were replaced. Alloy skids in the cool 
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section of the furnace warped badly and chrome- 
refractory hot zone hearths wore rapidly so that re- 
pairs had to be made every two to three weeks and 
complete replacements averaged five week intervals. 

Aluminum-bronze castings weighing up to 700 Ib 
are heat treated in the under fired furnace equipped 
with a silicon carbide tile hearth shown in Fig. 12. 
Its rapid heat transmission from combustion to 
work chamber is responsible for uniform heating of 
the castings with a reduction in fuel costs. Wear by 
the large castings primarily is forestalled by the 
abrasion resistance of this super refractory and life 
exceeds three years which compares with less than 
one from fireclay hearths 


Steel Industry Use 

A recent development, conceived and nourished 
in the steel industry, is attaining a stature sufficient 
to command attention wherever severe wear poses 
problems. It is no surprise that silicon carbide 
should be suitable for combating wear whether by 
rubbing or by sliding. The hardness factor that 
makes silicon carbide grinding wheels such an ex- 
cellent abrasive, imparts to super refractories the 
same or even better resistance to wear. Lack of 
consideration until now probably can be traced to 
the absence of heat or a temperature so low that a 
refractory material appeared unnecessary. But re- 
gardless of the reason, these same gold brick cur- 
rently are demonstrating their worth in dust col- 
lectors, blast furnace downcomers, hot blast mains, 
coke chutes and wharves, bin throats, etc 

The hardness of silicon carbide falls between 9 
and 10 on Moh’s scale." By Knoop’s diamond in- 
dentation method the rating is 2480 which compares 
with 2800 for boron carbide and 8000 to 8500 for 
diamond. Boron carbide and silicon carbide are the 
hardest of man-made minerals but of the two, sili- 
con carbide is the only practical material for com- 
mercial size equipment.* 


New Super Refractory 

A new super refractory silicon-nitride bonded 
silicon carbide whose physical characteristics ap- 
pear in column 2 of Table I deserves mention even 
though its possibilities are just being explored. Of 
particular significance are its metal-like qualities 
and the intricate, thin section shapes into which it 
can be formed for use up to and sometimes above 
3000°F. Because it is not wet by aluminum and be- 
cause of its dimensional stability, the material offers 
real potentialities for the die casting industry." 
Use as fixtures in continuous brazing operations 


Table il. Physical Properties of Zirconium Boride 


Apparent Density 52 to 5.4 @ per cu cr 
Meiting Point 5400°F 
Hardness 88 to 91 Re A 
Ultimate Tensile Strength 15.000 to 40,000 px 
st 1800°F 
Transverse Rupture Strength 66.000 
2 in. sper 1800°F 63.000 pai 
2200°F 55.000 pel 
Stress to Rupture Strength 100 hr 18.500 ps 
st 1800°F 1000 hr 14.000 pe 
Electrical Resistivity 17.3 microt 
1800°F 240.0 per 
Therma! Shock Resistance Good passed NACA type test 
Thermal Conductivity 110°F 5.9 Btu per ft per hr 
per ft? pe 
Expansion Coefficient 75° to 1000°F 27x10 per *? 
75° to 2200°F per 


Table Il. Corrosion Resistance of Zirconium Boride to 
Molten Metals” 


Test BReren and Zirceniam 
Test Dera- Centent of Metal 
Temp tien 


Metal °F ur Before Test After Test 
Aluminum 1470 115 No B, no Zr Trace B 
and Zr 
Tin 7350 100 No B, no Zr No B, no Zr 
Brass 90 10 2010 i144 0.080 pct B, 0.087 pet B 
o Zr 
Brass 85 15 2010 116 None 0.037 pet B 
no 
Brass 80 20 2010 100 Trace B, no Zr 0.037 pet B 
no 
Lead 750 104 No B, no Zr No B, no Zr 
Copper 2010 109 No B, no Zr No B, no Zt 


* Tests were conducted by melting the metals in zirconium boride 
crucibies. No wetting of crucibles was evident 


proves this new super refractory capable of making 
many more trips without any attention whatsoever 
than is possible with even the best alloy whose ini- 
tial cost normally is much higher. Brazed parts are 
dimensionally accurate to close tolerances as the 
fixture undergoes virtually no change in size; warp- 
age seldom develops 

Other super refractories that more properly might 
be called refractory hard metals made from car- 
bides, borides, silicides, and aluminides are still in 
laboratory stages. Typifying this product group 
however, are the physical properties of zirconium 
boride given in Table II. Table III shows the ma- 
terial’s corrosion resistance to various molten metal 

A ceramic fiber having, among other notablk 
properties, a devitrification point above 2300°F, 1 
now also supplied in various sizes of blocks. Tex 
tiles, roving, blankets, etc., produced from this fiber 
appear close to achievement so that a whole new 
vista is dawning, which will undoubtedly be felt 
in nonferrous metallurgy 


Conclusion 

Four points are worthy of emphasis despite pos- 
sible repetition: A—Super refractories usage most 
often is the result of their unique properties othe 
than temperature resistance; B—Because super re- 
fractories are practically custom made, thorough co- 
operation with the manufacturer is imperative for 
best results; C—Super refractories complement 
rather than replace other refractory materials; and 
D—Gold brick return in value far more than their 
original investment 
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Methods Developed at Armco. 
For Decreasing Scrap Charging Time 


by W. W. Bergmann 
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} ‘ ‘ } e pe It N hed t tr I nace charging bug track 
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W. W. BERGMANN is Superintendent, No. | Open Hearth, Mid 


} dietown Works, Armco Stee! Corp, Middletown, Ohio. This paper Scrap Classification and Preparation Yard 
was presented ot the AIME National Open Hearth Conference All inbound cars of foreign scrap are delivered to 
Philadelphia, Apr. 18 to 20, 1955 the receiving yard where they are inspected and 
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me 
Fig. |—General view of north runway showing miscellaneous No. 2 sheet scrap in the foreground 
f 
. 


classified by the scrap inspector working out of the 
purchasing dept. It is the responsibility of this in- 
spector to determine whether the scrap meets speci- 
fications as to quality, size or usability. Inspecting 
cars in this yard before placement to various points 
of use eliminated transportation of rejected cars 

It is the responsibility of the scrap inspector to 
keep the open hearth stockyard supplied with the 
various kinds of foreign scrap required for current 
melting schedules, and also to keep scrap piles in 
the stockyards filled 

A scrap preparation yard became necessary to 
relieve the congestion in the open hearth stockyard 
which was too small to prepare foreign scrap. There- 
fore, the yard was erected adjacent to the plant to 
reshear domestic and foreign scrap. The scrap prep- 
aration yard covers an area of 15 acres and the de- 
partment consists of two crane runways, each 825 ft 
in length. Two 74-ton overhead cranes are on the 
north runway and three 7'-ton overhead cranes on 
the south runway. Under these runways there are 
placed 16 alligator shears and a Harris hydraulic 


baler. The shear capacities are as follows: four No 
4 shears, four No. 3 shears, and eight No. 2 shears 


A 25-ton dinkey locomotive is used to transfe1 
cars of scrap iron on the numerous tracks required 
for storage of both prepared and unprepared scray 
A 40-ton diesel crane is used to load and unload 
scrap iron in yard outside of crane runways 
Fig. 1 is a general view of the north 
Miscellaneous No. 2 sheet scrap is seen in the 
ground. This scrap is received in trucks and cars 
which are unloaded with the overhead crane and 
sorted as to heavy and light gage. The scrap iron 
that is too heavy for bundling is put on a separate 
pile, resheared or burned to charging pan size. The 


runway 


tore- 


light gage No. 2 sheet scrap is also put on a separate 
pile, and when a carload is accumulated it is sent 
open hearth to be bundled. A carload of en 
scrap is shown in right foreground. This t 
sheared on two No. 2 shears in this runway. In the 
background there are four No. 2 shears for shearing 
heavy scrap and pipe. These shears are located in the 
middle of the runway due to the of the 
scrap being handled with a crane 

Fig. 2 being prepared for 
shearing. A carload of scrapped pipe is unloaded by 
a crane under the runway. Enough pipe is distributed 
on the ground by means of a crane to keep work 


necessity 


shows scrapped 


Fig. 2—Scrap pipe is sheared to 18 im. or under in order 
to get heavier weight per open hearth charging pon 


Fig. 3—General view of south runway shows the Horris 
buadler building and the clip stock in the foreground 


ahead of the burners. All pipe is cut to approxi- 
mately 6-ft lengths. It is necessary to split all pipe 
over 6 in. in diam into two or more pieces in orde! 
to get it under the shear blade. Shearmen pick up 
the split pipe and put it on the gravity conveyer 
ahead of the shear. Pipe is sheared to 18 in. or under 
in order to get heavier weight per open hearth 
charging pan 


Fig. 3 shows the general view of the south run- 


way. The Harris bundler building and clip stock are 
in the foreground. Four No. 3 shears and six No. 2 
shears are operated under this runway. Miscella- 
neous prepared scrap iron is received in trucks and 


unloaded in this yard with a crane. When a carload 
f accumulated it loaded and sent to the 
stockyard 

Unprepared scrap iron is sheared on the No. 3 
shears under the south runway. It is sorted as much 
when unloaded by a magnet. The 


sent to the 


crap 


as possible 
iron which too heavy for shearing is 
where it is cut 


area in the center of the runway 


with a burner to charging pan size. Space is re- 


under this runway fot current 
heavy material. Mi 


stocked ahead of shear 


served preparing 
scellaneous unprepared scrap i 


with a crane. The shearman 


Fig. 4—Coil ends of cobbles are sheared on No. 3 sheor 
There are four No. 3 shears in the yord 
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Fig. 5—Finished bundles from the Harris baler measure 


14x18x22 in. and weigh approximately 300 Ib 
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Uniform Scrap Distribution 
4 mif ; ‘ but » func- 
hecd etween th ‘ 


Table |. Compeorison of Prepored and Unprepored Scrap Efficiency 
Ne. Pane 
Required te Charge 
Weight Per Pan. Lb @ Tens Serap 
(rade of Serap prepared Prepared prepared Prepared 
‘ 
‘ 
‘ 
Pipe 
T 
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Table li. Weight of Scrap Charged, Lb 


Serap Wt Per Co Ft Wt Per Pan 
M 55 6 1140 
H dies 54 1117 
104 
bars 158.8 325 
B 20 4212 
Shea 2452 


scrap preparation foreman, and the foremen of each 
of the open hearth scrap yards. Segregation of vari- 
ous grades of scrap is required to meet anticipated 
melting schedules in each shop. Every effort is made 
by the open hearth stockyard foreman to distribute 
heavy melt, thin bar, and bar crops over all heats 
uniforr These efforts pay dividends in keeping 
shop operational schedules uniform. In this manner, 
charging time, for example, is fairly consistent from 
furnace to furnace, and as a result, the timing of all 
the sequences from the stockyard through the pit 


can be quite accurately predicted and controlled 

Scheduling and movement of prepared scrap de- 
as been improved through extensive use of 
communication systems. Interplant telephones, loco- 
and telautographs play a vital role in 
peeding delivery to the proper locations 


ve radios, 


Home Scrap Preparation 
The domestic scrap originating in the plant con- 
sts of bar crops, coil ends, and sheet scrap, side 
and end shearings. The bar crops are extremely 
od scrap, but the other types of scrap must be 


prepared at the source or compressed into bundles 
Domestic scrap, not subject to compressing, is 


packed and strapped in forms at the source and de- 


vered to the stockyard as shown in Fig. 6. These 
ile are 18x24x72 in. and average 3000 Ib 
} iled sheet scrap is loaded into interplant trucks 


ind sent to the stockyard. The bundles are loaded 
piling blocks and spaced about 6-in. apart to 


avoid breakage when unloading with magnet in 


tockyard. Bundles are loaded into pans on buggies 
with a magnet as illustrated in Figs. 7 and 8 

Sheet scrap bundled at source increased a four- 
pan buggy weight from 4000 to 12,000 lb. A large 


mechanical bundler was installed in 1916 to bundle 


Fig. 6—Domestic scrop is packed in bundles measuring 
18x24x72 im. and average 3000 Ib 


; 
— 
¢ 
. light scrap. Bundle size is 24x24x72 in 
| 


Fig. 7-—Scrap bundles 
are loaded into pans 
on buggies with oa 
magnet. Pans hove o 
20.5 cu ft capacity 


Table Pertinent Scrap Chorging Dato 


Pet 
Increase 
or 
Charging Data 1953 los Decrease 
> ve 95.8 
in buge 6924 7859 
pe 118.74 105.63 
s ging e hr per heat 2.07 1.58 
5 572 


Cars of domestic scrap from the mill are sent di- 
rectly to the bundler. A 15-ton overhead crane with 
a 65-in. magnet picks up the scrap from the car and 
deposits it in the bundler. The bundles are delivered 
directly into special charging pans from the machine 
If the sheet scrap were bundled loose, it would be 
necessary to load 50 more pans of scrap per heat at 
900 lb per pan. It would require approximately five 
charging pans to handle the same amount of loose 
is compressed into one bundlt. This means 
aster charging and less interference on charging 
floor. Approximately 0.25 man hr per ton are re- 
quired to operate the mechanical bundle: 

Miscellaneous domestic scrap, such as pit runner 
scrap and ingot butts are shipped directly to the 
stockyards. Scrap too bulky to charge, of course, i 
first prepared in the scrap preparation dept. Steel 


Fig. 8—Tramsportation ond charging facilities at No. 
open hearth include 140 buggies with automatic couplers 


buttons are cut to size at a button cutting station 
located in the scrap preparation yard. The burnet 
is set up on a small trolley which operates on a 
5 ft high runway. The burner travels in any direc- 
tion. Cutting speeds average from 1 to 3 ipm, de- 
pending on the thickness and the cleanliness of the 
steel being cut. Buttons are cut up to 40 in. thick 


Maintenance of Charging Buggies 

Charging buggies are of four and five pan design 
The original buggies were cast bodies with friction 
type bearings having links and pins for coupling 
In recent years a revamping program on all buggies 
included replacement of friction with roller bear- 
ings and the links and pins with automatic coupler 

Roller bearings and automatic coupler 
continual inspection and preventive maintenance 
A buggy bearing lubrication man, assigned from the 


round house. lubricates all buggies at least once a 


month. As a result, there are very few bearing fail- 
ures and few buggies out of service. Two repairmen 


from the car shop inspect and repair automat 


require 


couplers and buggy bodies one turn per week. On 
the day assigned, as many drags of buggies as po 
sible are set out for this service. Buggies found in 
need of major repair because of body cracks are 
taken out of service and repaired at the round house 
Since the stockyard has been equipped with the 
Streeter-Amet automatic weighing device to weigh 
cars in motion from 1 to 3 mph, maintenance on 
buggies has been sharply reduced. Tt eliminate 
the need for a complete stop of each buggy on the 
scale and the damage resulting from impact load 


on all bodies and couplers 


Results 

Table I shows a comparison of weight per pa of 
prepared and unprepared scrap and also the number 
of pans required to charge 10 tons of scray nce 
each pan eliminated saves approximately 54 sex { 
furnace charging time, the advantages of good scray 
preparation can easily be justified 

Table II shows the weight of six grades of scray 


per cu ft and weight per pan, and Table Ill give 
other pertinent charging data. The average char; 
ing time per heat in 1954 was 1.58 hr, which was a 
decrease of 23.7 pet over the previous year wher 
the charging time averaged 2.07 hr. The improved 
charging time was due to increased weight of scrap 
per cu ft along with increased amount of home scrap 
prepared in the mill 
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New Refractory Uses 
For Silicon Nitride Reported 


by J. F. Collins and R. W. Gerby 


J. F. COLLINS is @ Metallurgical Engineer, Technical Service and 
Development Dept. Electro Metallurgical Co. Falls, N. Y 
ond R. W. GERBY is o Metallurgical Engineer, Engineering Research 
Growp, Metals Research Loborotories, Niagora Falls, This 
paper wos presented at the AIME Annual Meeting Chicago, Feb 
14 to 17. 1955 
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; 1-; : applied 
submerged in water. Appear- 
for tube rejection 


a thin-walled tube 


ance of air bubbles is cause 


Silicon Nitride Properties 
The physical properties of silicon 
red with some other well known mater 
Table L. Silicon nitride (Si,N,) does not have 


} 
N tl mmercia aut nm mitride be! silicon particies being depo ited ncrease 
I mit at nere fur- Hence the thickness of the O-cCalied gree? pare 
f hich then heated t ‘ te 2372°F lepends upon the time the sly permitted to re- 
A fty iitable } i re d at this main in the plaster mold. After removing the green . . 
i the { va ed t m temper- ware from the plaster mold, it is placed in a nitrid- 
if ith esulting n nitrid moved fron ng furnace and converted to silicon nitride. Al- 
t j thougt lid articles may be produced by this proc- 
i nm nit lé ippea t most applicable to ow napes 
be f diff I f trogen int l n. Pieces Extrusion techniques can also be applied to silicon 
tal 20x40 mes? e were held in the nitride hape particularly when thick-walled or 
t i inge f a short pe i 1 ba and rounds are desired. In this process 
t hence t ng was not ete. From fine col ised as a thick paste which ts extruded 
if 1 that nt tre rea hape By cing tne extruded 
t t to the ‘ f the con article int nitrogen-atmosphere furnace, the li- 
te this | ‘ t nesn rh brief description of fabrication technique 
est rit if na te tne variety of artici« that can De made 
liable esn. S r from tt materia The fabrication technique used 
Dee! pe 1 on the nape wel the juantity 
wae commer- i ed There gnificant difference nm the 
rY har ti o! fabricated Dy 
rat it the al ve technique 
sect thin a 1/16 Nave beer slip-cast 
' ' ext sed n on and then nitrided, while articles having 
ted t} wall have been pressed and nitrided 
trid lumitation en the ze of section that car 
: : nit be nitrided a ng as the individual particles of sili- 
mn metal are no larger than 150 mesh. The ability 
p-cast on to hold dimer nal tolerances 
u nit ing excellent While there is a slight 
that ' U : F nt tion of the green silicon ware away from the 
U ' nt plaster mold, thers a corresponding small expan- 
uF : In tt n during nitriding; thus, the finished shape will 
trat be withir 0.005 in. pe f the dimensions of the 
tterr ised t make the pilaster mold Many 
ih ni / . ce mic mate al innot be made ir long. tubular 
, sential meci na strip sections without being carefully supported 
. luring the firing cycle because of their tendency to 
. ' ve lea ag the Maximum temperature of the f ing cvcle 
Lor approached. This difficulty not experienced in 
lift the nit oO! lip-cast con part Thin-walled 
t ted | the tec! r nitride thermocouple protection tubes ars 
tu il tentiv cast to a center line t lerance of +0.01 
i ed in tf tt n. per ft 
Kt Rega! iless of the fabricacion techr ised. the 
int esulting article have a density that is approxi- 
ntour mately 72 pct of the theoretical. While silicon nitride 
; n ned shay hape ire not of maximum density, they are not 
perv is. One tandard Jjuction test 7; n- 
ternal 50 ps mt 
com- 
als in 
a true 


_a characteristic shared with other re- modulus of rupture of silicon nitride at elevated 
decomposes by sublimation at ap- temperatures. Using the test equipment described 
3450°F (1900°C). This material has above, the modulus of rupture of a ‘% In. square, 
llv used in neutral or reducing atmos- slip-cast silicon nitride bar was 16,000 psi at 1830°F 
peratures up to 3400°F (1871°C) (999°C). This modulus of rupture value is within 
I has a sublimation point considerably the range that would be obtained at room tempera- 
han the melting point of conventional steels ture. Field observations, made at temperatures up 
perature alloys to 2000°F (1093°C), have confirmed that silicon 
tical density of silicon nitride it 3.44 g nitride shapes lose little 1 iv strength at elevated 
However, as was mentioned previously, temperatures 
pes of silicon nitride have a density of The compressive stret of silicon nitride was 
per cu cm or about 72 pct of measured on a section of the 4%-in. square bars used 
ity. Silicon nitride has a unit to determine the bend strength. After the bend test 
30 pet greater than graphite was complete, a % in. thick slice was taken from 
to silicon carbide but less than the square bar, polished to a 1.2 cm cube, and sub- 
nsity t iron and steels jected to a compressive load until failure occurred 
ng a diamond-pointed hardness indentor, Eber- A compressive strength in the range o! 72,000 to 
i have been obtained on individual 90,000 psi was obtained at room temperature 
nitride. The values were in the » articles have no ductility as meas 
4300. On individual particles of ured by standard metal tensile specime! but have 
ie and silicon carbide values of 1900 an impact resistance ilar to ul um oxide 
200 respectively were obtained. Both Normal shop handling accorded to thin ectioned 
and silicon carbide give a reading of gray iron casting would be satisfactory for handling 
not sensitive enough silicon nitride shapes. However 
two materials. These follow in handling 
diffic 


individual grains of silicon material as any other 


lues were obtained will be experienced due to al failure 
For example slig -Cast cause of the lack of ductility 
a Re A hardness value No absolute thermal shock test has been devel 
wer naraness 15 probably due to ( r ceramic mi rials Many therm: hock 
retical density of silicon nitride tests have been ed, but their result annot be 


im oxide and silicon carbide shapes accurately corre] Hence, it is 


A hardness values in the range of scribe some condit inder 


Of course ese | I re been used to obtain 
thermal shock resi Thin-walled silicon nitride 
hold the individual grains together thermocouple protection tubes have been remé ved 
from a furnace t temperature up » 3400°F 
i (1871°C) and cooled to room temperature 
used to evaluat air with no thermal shock failure Whereas, it 


this test, a ‘:-1n similar tests. aluminum oxide tubes failed. It 


juare bar of silicon nitride was placed on hard . usually been possible to quench the 
knife edge 3 in. apart. A load was : li tubes from this temperature into wate! 
midway between this 3-in. span by means of a hard- but on the second immersion, the tube 
ened s | knife edge having a width of mor han While it is not necessary 
14 in. The results of these tests are summarized in tubes before placing in furnace 
Table I. Silicon nitride shapes h a modulus of baths operating at elevated tempe! 
ipture ol! 16,000 to 20,000 psi i) is about mid- operating life would be expected 
way between the modulus of ruptt f aluminum preheated. From these resul 
oxide 37.700 psi) and of silicon carbide (4000 to con nitride is lk ensitive 
6500 psi). The modulus of rupture of silicon carbide many ceramic tubes 
is de ! upon the binder used to hold the indi- 
gether! Electrical and Thermal Properties 


little information is available on the Silicon nitride has properti varacteri 


Table |. Properties of Silicon Nitride as Compared With Other Materials 


Silleen Aluminem Silleen 316 Staintess 


Property Nitride Oxide Carbide Graphite Cast Iron Steel 


71077 
026 to 0.290 
2400 to 3200 
7 
4000 to 6500" 


10 to 114 x 10 
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ble to make a weight-loss measurement as some 


Table I!. Corrodents to Which Silicon Nitride Is Resistant of the specimens actually showed a weight gain 
due to the pickup of the corrodent in the pores of 
t HCl. botling the test piece. However, careful visual and petro- 


graphic examinations showed that the silicon nitride 
ad not been attacked during the test period 
Silicon nitride is not attacked by chlorine or hy- 


droger sulphide gases but is attacked by solutions 


x 


— of sodium hydroxide stronger than 25 pct. For ex- 
2°F im ample, specimens treated in boiling 50 pct caustic 
KHS showed indications of attack after 115 hr. Molten 
- A-~1 4 caustic soda at 842°F (450°C) attacked silicon nitride 
in 5 hr. Various concentrations of hydrofluoric acid 
It ‘ 426 x 10 also attacked silicon nitride 
With the exception of hydrofluoric acid, silicon 
. — Graphite, an excel- nitride is resistant to the more common inorganic 
“ acids of various concentrations at a variety of tem- 
| lined ‘ attack of strong caustic solutions and, therefore, 
is not recommended for this use. Tables II and III 


Molten Metals 


: in extremely low coefficient Another outstanding characteristic of silicon ni- 

t im e hall t of . tride its extreme resistance to attack by most 

me ith «il : irbide and one nonferrous metals. As a matter of fact, this resist- 

tent r st Phe thern nauctivity of sill- ince to attack is so pronounced, it actually appears 


Table 1V. Resistance of Silicon Nitride to Attock of Molten Metals 


Heiding 
Time Hrs 


Remarks 


ide is not even wetted by these metals 


Wi tride } trengt} Ir iboratory test already confirmed by field 
ate t ha : trials, 50 mil slip-cast silicon nitride crucibles were 

kDa } te t thu filled with metal and heated to various tempera- 

that 1 ked traction nd expan- tures above the melting point of the metals being 
i heatir and evaluated Periodically, crucibles were removed 

‘ i that m the furnace and examined visually and micro- 


ults of these tests are summarized 


Since these initial tests were run, additional labo- 


Chemical Properties ratory work has been done to determine the time 

ne most att ' pertie f siucor required for the attack of aluminum on silicon ni- 
re ' > nm nitriag tride to be observed. These tests, at 1800°F (932°C) 

t K ‘ acts of have been in progress for over 3000 hr, and there 

has been no indication that the molten aluminum 


ride 


with lead, tin, and 


were in- 


al 
Sslag-metal 


‘ ace however, there was no indication of at- 


inesium metal. To prevent 


Table Corrodents Thot Attack Silicon Nitride “5 
the molten magnesium from oxidizing, a chloride- 
— fluoride flux was placed on the surface of the heat 
en 
Corredent in He* t possible the flux attacked the silicon nitride 


Oxidation Resistance 


N ria Standard techniques for measuring oxidation re- 

: iF ' ‘ tance have not yet been developed, but the work 
owe \ of Crandall and associates,” at Alfred University 

NaF + Zr s of fundamental interest. Their apparatus is de- 

signed to give a continuous record of the weight 

gain or loss of a specimen during the time it is in 

the furnace. The oxidation resistance of silicon 
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. 
5 
| 
on 
‘ 
ind 
n 
Btu-in. pe ft’ per hr pet 
ear thnern expar on co- 
6 1 ‘ n. pe Thi 
472 BOO 940 No attack 
it te ‘ it ‘ ent which A 832 1 oo N attack 
‘ 752 No attack 
t f Ver ECE esult 72 44 No attack 
Magne 82 2 Slight sttacked 
iv ‘ ia ince picauy ime re 
tr t eramic materia and this is the case in Table IV 
‘ ana will ever attack the licon 
ttack he triads zu The results of the magnesium tests 
‘ ‘ pos- conclusive since failure occurred at the 
| 


nitride as compared with other ceramic materials, 
using this apparatus, is shown in Table V Sili- 
con nitride has an oxidation resistance at 2192°F 
(1200°C) that is considerably better than titanium 
diboride or titanium carbide but not quite so good 
as silicon carbide bonded with silicon nitride. 

Relatively simple oxidation tests were also con- 
ducted in Electro’s laboratories. In these tests, 3 
in. square plates, % in. thick, were placed in air- 
atmosphere furnaces that were heated to various 
temperatures in the range of 1500° to 3000°F (815 
to 1649°C). The silicon nitride plates were held in 
these furnaces for 10 hr and then removed. The dif- 
ference in weight was taken as an indication of ox!- 
dation resistance. The results of these tests show ed 
that silicon nitride exhibited no weight gain up to 
2200°F (1204°C) and only a slight weight gain in 
the range of 2200° to 2550°F (1204° to 1399 C) 
Above 2550°F (1399°C) silicon nitride showed a 
rapid increase in weight and, in some cases, even 
crumbled due to extreme oxidation. As a result of 
these tests. it is suggested that silicon nitride can be 
used continuously in an oxidizing atmosphere up to 
2200°F (1204°C) but for only limited exposure to 
an oxidizing atmosphere in the range of 2200° to 
29550°F (1204° to 1399°C). In a neutral or reducing 
atmosphere, silicon nitride can be used up to 3400°F 
(1871°C) 


Applications 


The resistance of silicon nitride to the attack of 
t 


many molten nonferrous metals, and he attack 
of molten steel and cast iron for lesser periods of 
has suggested that this material can be used 
as a mold wash. One formulation that has shown 
promise for this application given in Table VI 
In this mixture, the Mogul acts as an excellent 
binder, while Methocel is the suspending agent 
Such a formulation, when vigorously stirred, at 
least once during the working day, will keep the 
silicon nitride in suspension for 24 hr. This silicon 
nitride wash can be applied to metal or ceramic 
surfaces at room temperature or upward to 300°F 
(149°C). The advantage of preheating the surfaces, 
prior to applying the wash, is more raj id drying of 
the wash. One pound of silicon nitride or fi 
the formulation will cover approximately 50 
of a metal surface, such as an ingot mold. The 
face area of a refractory that can be covered 
depend largely upon the porosity of the surface 
Because of good thermal shock resistance and 
high temperature stability, silicon nitride has shown 
promise as a material of construction for aspi 
thermocouple assemblies used to measure the tem- 
perature of combustion gases in the checker system 
of open hearth furnaces. In this application, thin- 
walled, slip-cast silicon nitride sections of the aspi- 


Table V. Oxidation Resistance of Some Ceramic Materials 
At 2192°F (1200°C)” 


Wt Gained, Mg 
Per 8q Cm 
Original Area 
Ceramic 


arbide bonded with Silicon Nitride 


um Carbide 


* There wae r sdditional weight increase of the silicon nitride 
sample after 80 hr at 2192°F 1200°¢ 


Table Vi. Formula for Mold Wash 
Material Pet by Weight 


Silicon Nitride Powder 150 M x D 20 
Mogu!* 1 
Methoce!l HG** i 
Water 738 


* Trade name of Cor Products Refining Co., New York, N. ¥ 
** Trade name of Dow Che al Co., Midland, Mict 


rator thermocouple are inserted through the side 
wall of the checker system into the combustion gas 
stream. The thermocouple and silicon nitride parts 
of the aspirator reach the operating temperature 
of the combustion gases, which is approximately 
2500°F (1371°C) in 10 sec. After a temperature 
reading is obtained, the aspirato! thermocouple is 
removed from the inside of the checker system and 
cooled to room temperature before the cycle ts re- 
peated. Silicon nitride thermocouple protection 
tubes have withstood as many as 50 cycles in the 
checker system and have averaged 45 cy« les in one 
large open hearth shop. A maximum of 24 cycles 
was obtained with aluminum oxide protection tubes 
with an average of 10 to 12 cycles 

The ability to produce silicon nitride in thin- 
walled, long tubes, and the resistance of this mate 
rial to the attack of molten aluminum have resulted 
in the use of silicon nitride thermocouple protection 
tubes in the aluminum industry. These tubes have 
been used at varying temperatures up to 1800°F 
(932°C) with no indication of attack in 3000 hr and 
have proved to be particularly suitable for use in 
hard to reach and, thereby, difficult to service areas 
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Fig. |—North sinter plant of the Ford Motor Co. was completed in 1953. Plont utilizes iron concentrates produced from low 
grode hematite deposits at Humboldt in northern Michigan 
Sintering Practi t R Plant 
Utili Low Grade H tit 
by Robert L. Cleveland 
F' RK Motor Co. has been producing sinter for long equipped with 119 pallets with a production of 
f Te nee 446. Two separate plants 1500 net tons on 576 sq ft grate area. This plant 
ition at Rouge The south plant is a was constructed by A. G. McKee Co. and based on 
wight-Lioyd machine 72 in. wide a previous plant for Oliver Iron Mining Co. at Vir- 
9 sllet and producing 500 tons 
ind . ginia, Minn 
Fig. 1 shows the general arrangement of the 
np hat it occupies an area only 
plant. In the left foreground is the ore screening 
v age plant. The 65 ft Dorr thickener, which receives the 
inderflow from the gas washer water at the fur- 
machine f ry andar feedel a Dies 
ee : 2 naces, is in the center and the sintering plant is in 
and igh the ngle flufts by means of seven 
the background 
belts and a bucket elevator with a 100 ft : %% : 
id In Fig. 2 the ore screening building is in the back- 
ed i sumped dairecti om ine 
ground at the extreme lower right. The two con- 
al 
: 7 : veyors in the foreground carry the sinter from the 
ant mpleted in 1953, is a 16 wind- 
. oa ; cooler to the high-line storage bin. The conveyor 
box Dwight-Lloyd machine 72 in. wide and 96 ft a ; 
to the left discharges the sinter onto a vibrating 
R & CLEVELAND i¢ @ Technica! Assistont, Blost Furnaces, grizzly screen set % in. At this junction point 
Rowge Works, Ford Motor Co, Dearborn, Mich. This paper wos screened sinter can be bypassed into storage yard or 
presented ot the AIME Blast Furnece, Coke Oven ond Raw Mote ent over convev« to the right, into high-line stor- 
rials Conference, Philedeiphic, Apr. 18 to 20, 1955 age bin. This elevated storage bin has a capacity of 
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Fig. 2—Another view 
of the sinter plant 
shows the stockpiles 
and the sinter con 
veyors. The conveyor 
to the left discharges 
the sinter onto o 
grizzly screen set 
im 


250 net tons and is equipped with two quadrant 
gates for loading into the blast furnace transfer car 
An adjacent stock bin for the furnace is filled di- 
rectly from the storage bin. All of the screened ma- 
terial used in the plant is stocked in the various 
storage bins using a reversible shuttle conveyor 

Fig. 3 shows the ignition burners on the sintering 
machine developed at Ford and used at both plants, 
consisting of two sets of %4 in. diam pipes supplied 
with coke oven gas through a 4 in. diam manifold 
At front of the burner is the fluffer employed to pre- 
vent segregation of the feed after it leaves the swing- 
ing spout. The discharge end of the machine with 
water sprays and dust collecting hood is illustrated 
in Fig. 4 

The sinter is discharged onto a rotary cooler 
shown in Fig. 5. The conveyor in the center of the 
picture goes to the storage bins, stockpile, or open 
hearth railroad cars. Operation of all equipment in 
the sinter plant, including the cooler, is controlled 
from a main control panel 

Fig. 6 diagrams the flow of the six raw materials 
normally fed to the machine plus recirculation of 
hot return fines from the discharge end of the ma- 
chine and cold return fines screened \% in. before 
the storage bins 


Sinter Production 

All raw material is screened before going to the 
storage bins The ore is dumped by transfer cars 
into the high-line feeder bins through Ix2 ft geri 
zlies and screened with 4 in. and +% in. over- 
sizes returned separately to the furnaces. Minus % 
in. travels over a shuttle conveyor either to the 
feeder tables or to the yard stockpile for use in the 
other plant 

Flue dust, mill scale, grinding mud, and coke 


breeze is scalped over a l in. screen before stor- 
age. Weightometers are used to record the amount 
of material screened and the nter produced 


With the exception of the Humboldt concentrates, 
all feed materials are conventional. The Humboldt 
concentrate is an old material in a new form pro- 
duced through the joint effort of Cleveland-Cliff 
Iron Co. and Ford Motor Co. from the Humboldt 
mine near Ishpeming, Mich. The open pit mine and 
the concentration mill is operated by Cleveland 
Cliffs. The specular hematite in this area, contain 
ing about 33 pct Fe and a combination of iron ox- 
ides plus silica ranging about 98.5 pct is mined from 
the massive jasper formation, trucked to the crush- 
ing plant and after crushing and grinding is re- 
duced to a —65 mesh feed for the flotation mill. At 


Fig. 3—ignition burners developed at Ford consist of two 
sets of 54-in. diom pipes supplied with coke oven gos 


Fig. 4—Discharge end of the sinter mochine is equipped 
with woter sprays ond o dust collecting hood 
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an open pan; the heat compacts the taconite pile 
MATERIA and crumbles the Humboldt concentrate 
The first shipments of Humboldt were blended 75 


pet to 25 pct with a carrier ore to eliminate any 


jlanger of cargo shifting due to the almost micace- 
ous structure of the concentrates. Experiments con- 
tinue to revise this ratio upward. The Humboldt 

mine and mill began operation in February 1954, 
f and during the 1954 shipping season 150,000 gross 
MARY | SECON tons of concentrates were shipped to Dearborn with 
this year’s shipments estimated at 250,000 gross 


tons 


Testing Concentrates 
‘ The plant at the Rouge was designed to sinter 
bi | blast furnace flue dust, consisting of 20 pct pugged 
dust catcher flue dust and filtered sludge cake, 70 
pet screened ore —‘% in. and 10 pct roll scale. The 
(-) amount of carbon required to produce 1500 net tons 


of sinter per day based on this mix was estimated 
to be approximately 136 lb per net ton of sinte! 
produced. Under normal operating conditions a 


good quality sinter was produced at a rate of 1500 


net tons per day which is equivalent to 2.6 net tons 


Table |. Chemical Analysis of Sinter 


Material Pet Material Pet 


MnO 0.57 FeO 15.61 


CaO 2 Fe) 69 5 
Fig. 5—The sinter is discharged into a rotery cooler. Con Al 1.25 Cc ; 
veyor m center goes to storage bins, stockpile, ond open MgO 2.50 F B4 
hearth ranlroad cors 


of effective grate area with normal oper- 
a eG Ait ysten : ating conditions as follows: A speed of sintering 

I ul erated machine, 60 to 65 ipm; B—thickness of material 
ind re- ed, 14 in.; C—vacuum under the bed, 24 to 26 in 
‘ ste After thick- ind at the fan inlet, 28 to 30 in; and D—tempera- 


ntain al ¢ 69 nct ire of exhaust gas at the 13th wind-box 650° to 


‘ pe ites P A series of tests were run to determine the maxi- 
Mich mum percentage of concentrates that could be used 
normal operating conditions and the produc- 
ther r lifferen The tion rate that might be anticipated with these per- 

: ae The bed was reduced to 10‘ in. at the beginning 
f the tests to avoid a bed that would be too com- 
. ; pact. With the 10% in. bed various percentages of 
r yes pronounced concentrates and return fines were used, and in 
” each case when normal conditions were obtained 
= effort was made to increase the speed of the chain 
Over a range of 94% to 11 in. of bed it was found 


that best cont 


rol of the operation was obtained with 
a 9% or 10 in. bed and a chain speed of 66 to 72 in 
Every attenpt so far to exceed this speed resulted 
n higher vacuum, lower wind-box temperatures 
and reduced tonnage 

The results of this test to date indicate that with 
approximately 30 pct pure Humboldt concentrates 
in the 


duced with a 10 in. bed at a rate of 5: 


re mix a sinter of good quality can be pro- 
5 


hr. This is equivalent to 1320 tons per day or ap- 
proximately 2.3 tons per sq ft of effective grat 
area. Chemical analyses of the sinter is given in 
Table I 


The final test of sinter is always made ir 
furnace. Addition of concentrate sinter to the fur- 


nace burden had no appreciable affect on the work- 
ing of the furn ‘ ‘ver increas onnag 

Fig. 6—Diogrom shows flow of the six row moterials nor- ing of the furnace However, increased tonnage re 

mally ted to mochime plus cold ond hot returned fines sulted from the higher iron content in the charge 
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HE present paper has its origin in an attempt 

by the author, extending over the last several 
years, to understand the influence of the magnetic 
properties of the constituent atoms upon the various 
properties of metals and alloys. During this study 
the author has been impressed by the important role 
which magnetism plays in the many facets of metal- 
lurgy. In writing this paper he has attempted to 
convey to his colleagues some concept as to the role 
magnetism will play in the future development of 
metallurgy. In some of the subjects herein dis- 
cussed, such as the influence of magnetism upon 
phase boundaries and upon mechanical properties, 
only general thermodynamical properties associated 
with ferromagnetism are introduced. For these sub- 
jects, it is not anticipated that any serious differ~- 
ences of opinion will be encountered. A discussion 
of the other subjects requires the adoption of a 
quite specific model of the magnetic structure of the 
metal. This model is discussed under “Magnetic 
Shells and Their Interactions.” The simple model 
adopted in this paper has been criticized’ as being 
mathematically inconsistent. This criticism has been 
ably silenced by Dr. W. J. Carr’ of this laboratory 
The simple model adopted in this paper has been 
criticized as being inconsistent with observations on 
magnetic structure using neutron diffraction This 
apparent discrepancy has been resolved by Bader’ 
who has shown that the finite velocity of neutrons 
prevents neutron beams from detecting the anti- 
ferromagnetic structure of the type predicted by the 
simple model adopted in this paper 


Magnetic Shells and Their Interactions 

An electronic shell of an atom is specified by two 
symbols.‘ The first symbol is a number and denotes 
the total quantum number of the shell The second 
symbol is a letter and denotes the orbital angular 
momentum of each electron within the shell. The 
letters s, p, d, f are used to denote an orbital angular 
momentum of 0, 1, 2, 3, respectively, in units of 
h/2r. where h is Planck's constant. As we pass from 
scandium to nickel in the first transition period, we 
gradually fill the 3d shell. This shell is responsible 


C. ZENER, Member AIME, is Associate Director, Research Lob 
oratories, Westinghouse Electric Corp., East Pittsburgh, Pa 

TP 4016E. Manuscript, Feb. 16, 1955. Chicago Meeting, Febru- 
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Table |. Outer Shells of Isolated Atoms of the First Transition Row 


K Ce Se tT v Cr Mr Fe Ce NI ce 


for ferromagnetism and hence may be called the 
magnetic shell. The component of the orbital angu- 
lar momentum along some specified direction must 
be an integral multiple of h/2*. Thus, for a d elec- 
tron this component can have any one of the values 

2, —1, 0, 1, 2 times h/2a. In addition to its orbital 
angular momentum, each electron has an intrinsic 
angular momentum, hereafter called spin, due to a 
rotation about its own axis. This spin can have 
either of two components (h/2r) (h/2r) 
along the specified direction. A fundamental prin- 
ciple of atomic structure, known as Pauli’s exclu- 
sion principle, is that no two electrons in a given 
shell may have identical components of orbital 
angular momentum simultaneous with identical 
components of spin. The 3d shell thus may have at 
most ten electrons. Since an intrinsic angular mo- 
mentum of a charged particle is necessarily asso- 
ciated with a magnetic moment, the spin of an elec- 
tron may be thought of as referring to either this 
angular momentum or to the associated magnetic 
moment. 

The electron configuration of the ground state of 
the isolated atoms in the first transition row is re- 
produced in Table I. The superscript represents the 
number of electrons in each shell 

For the purpose of this paper, the most important 
principle of atomic structure relates to the manner 
in which electrons are added to a shel! as the atomic 
number is increased. This principle, commonly 
known as the principle of highest multiplicity or 
more simply as Hund’s rule, states that within a 
given shell the maximum number of electrons have 
spins pointing in the same direction as is consistent 
with Pauli’s exclusion principle. An application of 
this principle to the d shell is illustrated in Fig. 1, 
where the spin structure is given for shells contain- 
ing from 1 to 10 electrons 

The physical basis of Hund’s rule is the exchange 
energy discussed first by Heisenberg in 1928. This 
is a coupling between electrons with parallel spins 
(spins pointing in the same direction), the coupling 
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electrons with antiparallel spins 
in opposite directions). This ex- 
1 the same 
gy when 


the maximum possible number of spins are parallel 


being zero for 
(spin Pp 


e energy negative for electrons 


and hence leads to a minimum ener 


The value of this exchange energy in specific shells 
of specific atoms may be deduced from the tables in 
ref. 5. For the d shells, this exchange energy is about 
Thus 2.5 


06 ev per pair of parallel spin 


ev are required to reverse one of the five 
parallel spins in the d shell of chromium. An ap- 
parent anomaly in Table I may be explained by this 


xchange coupling. Following potassium, all atoms 
have two electrons in the 4s shell, save chromium 
and copper. If chromium were to have two electrons 
in the 4s shell, its d shell would have four electrons 
to take advantage of 
the exchange coupling with these four electrons, one 


trons is demoted from the 4s shell 


if the wo 48 ele 

nto the 3d shell. A similar demotion occurs in cop- 
pe : le to take advantage of an exchange 
cou g with four electrons with parallel spins in 


The foregoing interpretation of the anomaly in 


chromium and in copper may be described more 
vivid as a tendency to form closed half d shells 
A i half d shell refe to five electrons in a d 
hell, all five electrons having parallel spins and 
therefore all five pern sible values of orbital angu- 
lar momentur mponents. A tendency to form 
closed half she! mpi a reluctance to start a new 
half shel Tt reluctance is, in fact, quite real; the 
energ equired t jemote one of the two 4s elec- 
t int the first half d shell decrease from 2.5 
‘ " im to t ev in Vanadium and again, to 
re f the tw 4s electrons into the second 
half hell. decrease from 2.1 ev in manganese to 
n Ke 

The charge distribution within the d shell of Cu 
ha een ca ilated fair! accurate] and is repro- 
luced in Fig. 2. The ordinate in this figure, the 
idial charge density », is defined ich that pér is 
the ir ge ng between r and r br. In order to 
trate the small verlay f the d shells in a 

we tr figure the dius of a copper 
at the radius being let } : half the closest 
tance between atom } the metal. As we pass 

t eft rr pt the t tr tion 
~. the effective charge mn which each d ctron 

‘ lecreases and hence the radial charge density 

of the d shell expands. Since the direct interaction 
between neighboring d shells is proportional to the 
ary int of ve ap of the shells we are particu- 
la terested the which the radial 
charge density decrease with radius at values of 
‘ ‘ ‘ 

‘ ‘ ‘ ‘ 

‘ ‘ ‘ ‘ ‘ 

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 
| 


Fig. 1—In the diagram, the spin structure is given for d shells con 
teining from | to 10 electrons 
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Fig. 2—Radial charge density of Cu” is represented 


the radius comparable to that of the metal atoms 
Toward this end, a second plot of the radial charge 
density is given in Fig. 3, this time on a semilog- 
arithmic scale. We see that, in the region of interest, 
the radial charge density decreases exponentially 
with radius 

The calculation of the radial charge density pre- 
sents a formidable mathematical task. The calcula- 
tion of the interaction between two adjacent d shells 
is an order of magnitude still more difficult. A signif- 
icant insight into this interaction may be gained, 
however, from certain qualitative observations. This 
interaction between any two shells of adjacent atoms 
is represented as the sum of two parts. The first 
part, called the Coulomb interaction, is just the inter- 
action which would be computed classically. It gives 
rise to an attraction coming from the penetration 
of the negative charge of each shell into the posi- 
tive potential within the other shell. This Coulomb 
interaction is independent of the spin structure of 
the two shells. The second part, the exchange inter- 
action, represents a coupling between the spins of 
electrons in neighboring shells. It was first discussed 
by Heitler and London in their quantum mechanical 
interpretation of the chemical bond.’ Strictly speak- 
ing, this exchange coupling exists only between elec- 
trons having spins pointing in the same direction 
If it were not for the fact that this exchange energy 
has for the last 25 years been incorrectly taken as 
the origin of ferromagnetic coupling, we could 
merely state without discussion that this exchange 
energy 18 positive 

In the early days of quantum mechanics, it was 
reasonably assumed that the coupling which aligned 
the d shell spins in iron, cobalt, and nickel arose 
directly from the exchange interaction between the 
d shells of adjacent atoms. But such a ferromagnetic 
coupling was possible only if the exchange inter- 
action were attractive. Since Heitler and London 
had pointed out that the very existence of a chem- 
ical bond depended upon the exchange interaction 
being repulsive, it was assumei that the exchange 
integial becomes attractive only when the overlap 
of the d shells is very small, as is the case in iron, 
cobalt, and nickel. A large literature has been built 
upon this concept of a change in sign of the exchange 
integral with amount of d shell overlap. Several 
years ago, however, it was recognized that the ferro- 
magnetic coupling arises from an indirect exchange 
via the conduction electrons,”“ an exchange which 
does not require an overlap of adjacent d shells. The 
necessity for the assumption of a change in sign of 
the exchange integral with decreasing amount of 
overlap thereby was eliminated 

In view of the importance of the exchange inter- 
action between adjacent d shells to the metallurgy 
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of the transition metals and in view of the argu- 
ments between theorists even as to the sign of this 
interaction, it is fortunate that a fairly direct ex- 
perimental approach to this problem may be adopted 
In this approach, one used extensively” in studies 
of diffusion mechanisms, we utilize the information 
furnished by the elastic constants of the metal crys- 
tals. Now if the energy of a face-centered-cubic 
or body-centered-cubic crystal could be expressed 
solely as a sum of central force interaction between 
pairs of atoms, the Cauchy relation 
Cy = C,, 
would be satisfied. In crystals such as nickel and 
copper, C,, is more than twice C,,. The physical origin 
of this discrepancy lies, no doubt, in the energy of 
the conduction electrons, an energy which essen- 
tially is dependent only on the volume. Our ap- 
proach consists of expressing the energy of the crys- 
tal in the form 
x, - Very) + 


where, corresponding to the exponential decrease in 
radial charge density previously discussed 


Vir) Ae” 


r, being the distance between nearest neighbors 
under equilibrium conditions, and where ¢ is some 
function of the dilation @. The two constants A and 
8 are completely determined by the two shear elas- 
tic coefficients C,, and (C C,,)/2. When this cal- 
culation is carried out for nickel and copper, the 
coefficient A is found to be positive. But a positive 
A corresponds to a repulsion between the atoms and 
hence to a repulsive exchange interaction 


Influence of Magnetism Upon the Phase 
Boundaries of Binary Iron Alloys 


Alloying elements in iron may be classified into 
two groups, those which close the y field and those 
which open the y field. The elements in the first 
group, namely those forming y loops, are found in 
two regions of the periodic table, as indicated in 
Table I 


There is a temptation to interpret the effect o 
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Fig. 3—Rodial cherge density of Cu", given in Fig. 2, has been 
plotted on ao semilogarithmic scale 
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alloying elements upon the y field as simply reflect- 
ing the difference in the standard free energy of 
the alloying elements in the two phases. If this free 
energy is lower in the a phase, this phase will be 
favored by the alloying element, thereby leading to 
a closed y field. If this free energy is lower in the 
y phase, this phase will be favored by the alloying 
element, thereby leading to an open y field. Several 
writers, including the present author, in fact have 
discussed the details of the binary iron diagrams 
from this point of view 


Table Il. Elements which Close the » Field 


Ti v Cr Re B* 
Cb Mo Ge As 
Ta S: Sb 


* Loop would be closed if not stopped by intermetallic com 
pound 


At least for those elements in the vanadium and 
chromium columns, the foregoing naive interpreta- 
tion is in direct conflict with observations as to the 
effect of these elements upon the M, temperature 
If the standard free energy of molybdenum, for 
example, is lower in the a than in the y phase, then 
we would expect molybdenum to raise the M, tem- 
perature; whereas, in fact, it lowers this tempera- 
ture. Of course, one could dismiss this discrepancy 
with the observation that martensite does not form 
reversibly and, hence, equilibrium requirements 
should not be considered. The present writer pre- 
fers not to adopt this negative approach. The M, 
temperature, the highest temperature at which mar- 
tensite may be induced by plastic deformation, may, 
in fact, be regarded as that temperature at which 
the y and the a phase of the same composition are 
in equilibrium with one another. The M, tempera- 
ture lies above the M, temperature by an amount 
which is nearly independent of composition, namely, 
about 200°C. We therefore expect that changes in 
the M, temperature induced by alloying elements 
will reflect, in fact, a like change in the true equi- 
librium temperature for a transition involving no 
change in composition 

The observations upon the effect of the vanadium 
and chromium column elements upon the y field and 
upon the M, temperature can both be interpreted 
only if we assume that the standard free energy 
difference of these elements in these two phases 
changes with temperature, at low temperatures be 
ing lower in the y phase, at higher temperature 
being lower in the a phase. Now the heat absorp- 
tion with the loss of magnetization in the neighbor 
hood of the Curie temperature is many times larger 
than the heat absorbed in the a-y transformation 
at 910°C in pure iron. We therefore anticipate that 
the influence of the alloying elements upon the 


magnetic properties of a iron may play a dominant 
role in the difference in standard free energy of 
these elements in the two phases of iron. In par- 
ticular, we hope that through their influence upon 
the magnetic characteristics we may understand the 


temperature dependence of the standard free energy 
difference 

In order to understand the influence of the alloy- 
ing elements upon the magnetic characteristics, we 
shall study in detail the differences in free energy 
between the a and the y phase of pure iron. We 
shall denote by G* and G’ the (Gibbs’) free energy 
per mol in pure iron of the a and y phases, respec- 
tively. The difference G G’ has been computed 
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by Johansson” for the entire temperature range up 
to the melting point of iron. His data are plotted 
in Figs. 4 and 8 for temperatures above 100°C. The 
G’ vs T curve to the phase dia- 
through 
equiconcentration curves. The usual curves in a 
phase boundary give the concentration of two phases 
which are in complete equilibrium with one another, 
both with respect to a transfer of solute and of sol- 
The equiconcentration curves give the 
equi- 


relation of the G* 


grams may be expressed most succinctly 


vent atoms 
concentration at which two phases are in 
librium with one another, the constraint being im- 


posed that the two phases are to be at the same 
concentration. Thus a plot of M, vs concentration 
would form an equiconcentration curve. These 
urves always lie within the two-phase region of 


a true equilibrium diagram. Now suppose that we 
add t& ne mol of pure iron C mols of a solute, 
where C is small compared with unity. Let us fur- 
the ippose that the attendant increase in free 
energy of the system is greater when the system 
the a than in the y phase and that this increase 
ndependent of temperature and proportional 
to The constant of proportionality then will be 
the one paramets which completely characterizes 
the a g element. The effect of the solute addi- 
tion upon the G G’ vs T curve then as repre- 
ented in F » 5 The G* ly curve s displaced 
nta to the gnt ¢ in amount { portional 
t rhe intercept f the new G&G G ves with 
he t 1x b e the new temperatures at whict 
rhe | phase art mn equilioriun both at the 
entrat A t of the ew intercepts vs 

thu es us the eq nce t irves. Actuall 
he « tior irve are dentical, apart 
he cals the tai axi the 
irve f ire } itside the tempera- 

‘ te f 1400 ce according 

nt ft nai t > Im the 
ase where the attendant increase in the free energy 
f the y phase greater than that of the a phase 


t + 20 
(Me o 
Fig 4—Free energy difference between « ond » iron is plot 


ted from the dete of Johansson 
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theory, 1s illustrated 


the G* G’" vs T curve is displaced horizontally to 
the left, as illustrated in Fig. 6, and the equicon- 
centration curve with a closed loop is identical, 
apart from the scale of the horizontal axis, to the 
G" G” vs T curve for pure iron within the tem- 
perature interval from 910° to 1400°C. We review 
in Fig. 7 the equiconcentration curves of binary iron 
alloys as derived according to the simple one para- 
meter theory that alloying elements add to G*—G 
an increment which is independent of temperature 

We have previously seen that the effect of ele- 
ments of the vanadium and chromium columns upon 
the G* G’” curve cannot be represented merely by 
a horizontal shift of this curve. Such a shift would 
automatically associate a raising of the M, tempera- 
ture with the addition of an element that closed the 
y field. In order to find how we can represent more 
appropriately the effect of alloying elements upon 


for feild ver A 


Fig. 6—Effect of a » field closer, according to one parameter 
theory, 1s silustrated 
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Fig. 7—Relation of equiconcentration curves to G*-G" for pure 
iron according to simple one parameter theory is reviewed in 
this figure 


the G* G’ curve and, in particular, how we can 
most appropriately introduce a second parameter, 
we must understand the general characteristics of 
the G* G’ curve itself. 

From 100° to 500°C, the G* G’ curve is essen- 
tially a straight line. Beyond 500°C this curve grad- 
ually acquires a negative second derivative which 
gradually reaches a maximum in the neighborhood 
of the Curie temperature at 760°C. It is just be- 
cause of this curvature that the G* G” curve re- 
verses its direction with increasing temperature, 
crossing the vertical axis a second time, and thereby 
giving rise to the y-a transition at 1400°C. Now 
the slope d(G"* G")/dT is (S* — where 
S* and S” are the entropies per mol of the a and y 
phases, respectively The second derivative 
d*(G* — G’)/dT° is (C*—C")/T; C* and C’ are the 
thermal capacities per mol of the a and y phases, 
respectively. A negative curvature therefore im- 
plies either an anomalously low thermal capacity 
of the y phase or an anomalously high thermal 
capacity of the a phase. Since anomalously low 
thermal capacities are not to be expected at these 
temperatures, the negative curvature must be due 
to am unusually high thermal capacity of the a 
phase. Since the negative second derivative has a 
maximum at the Curie temperature, we are led to 
ask whether all the curvature above 500°C may be 
blamed upon the uncoupling of the magnetic mo- 
ments of the individual iron atoms from one an- 
other. The slope of the G* — G’ curve between 100° 
and 500°C is 1.41; the slope at the melting tempera- 
ture is —0.06 cal per mol °C. The negative of the 
total change in slope from 500°C to the melting 
point, which is just the increase in S* S’ from 
500°C to the melting point, is therefore 1.47 cal per 
mol °C. Now the increase in entropy associated 
with a complete uncoupling of the magnetic mo- 
ments of the individual iron atoms from one another 
is R In W per mol. Here R is the gas constant, 2 cal 
per mol °C, and W is the ratio of the statistical 
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weights associated with a completely uncoupled and 
a completely coupled atomic moment. Since the 
individual atomic moments arise from the parallel 
coupling of two electron spins, W is the ratio of 
3 to 1. We thereby obtain for R In W the value of 
2.2 cal per mol °C. The potential change in entropy 
associated with magnetic uncoupling is thus more 
than enough to explain the observed change in S* — 
S” between 500°C and the melting temperature. 
From the observed change in entropy we must sur- 
mise, in fact, that even at the melting temperature 
a large amount of magnetic order persists.* 

of iron more re 


L. 8. Darken and 
1951 43. p 


* An analysis of the thermodynamic functions 
that of Johannson has been given 

Smith, Industrial and Engines J 
1815. Darken has informed the writer that t » the slope 
of the G«—G vs 7 urve between 100°C ar Ning point of 
iron is 2.1 cal per mol “C, rather than the value 1.47 reported pre 
viously We therefore conclude that only a very slight magnetic 
order persists to the melting point 


A somewhat similar interpretation of the phase 
change in iron, and of the effect of alloying elements 
thereon, has previously been proposed by Smolu- 
chowski.” In his theory Smoluchowski correctly in- 
terpreted the behavior of G* G” as arising from 
differences in the electronic specific heats of the a 
and y phases but failed to recognize the relation of 
this difference to the magnetic uncoupling in the a 
phase 

The realization that the curvature of the G* G" 
curve arises essentially only from the magnetic un- 
coupling in the a phase encourages us to investigate 
the potentialities of representing G* G” as the 
sum of two parts, a nonmagnetic and a magnetic 
part, as in Fig. 8. The nonmagnetic part represents 
what G* G”* would be if the magnetic moments 
of the individual atoms remained coupled to one 
another. It is given by the straight line 


(G* — G") we 1.41 (T — 740) cal per mol 


The magnetic part (G" G") wu. arises solely from 
the absorption of heat associated with the gradual 
uncoupling of the magnetic moments. It is zero be- 
low 500°C 

This separation of G* G” into two physically 
significant parts suggests that we may be able to 
describe adequately the effect of each alloying ele- 
ment by means of only two parameters characteristic 
of each element. One parameter will be taken to 
correspond to a horizontal shift of (G’ G") aw by 
an amount proportional to the concentration C of 
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Fig. 8—Resolution of free energy difference of a and 7 iron 
(after Johansson™) into magnetic and nonmagnetic compo- 
nents is illustrated 
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nation from the y 


to the a phase leads to no change in the free energy 
of the system 


(G* — G") ww {T — AT ware C} + 


(G* — wee {T — C 0 
where the quantity in a bracket is the argument of 
the preceding term. We shall find it advantageous 


to rewrite this equation in the following form 
wore — AT (G* — G’) {T — AT.u,, C} 
[1] 
d(G* — G")yy/dT 1.41 cal per mol “C 
In the case of a closed y loop, Eq. 1 may be ex- 
pressed as 


where s 


(G* — G”) was 
Thus, apart from a change of scale and apart from 
a shear along the T axis, a plot of C vs T is identical 
with a plot of G* — G’ vs T. This similarity is illus- 
trated in Fig. 10 for the case of chromium. Here, 
curve A is a plot of G* — G’ for pure iron as a func- 
tion of T. Corresponding to the experimental ob- 
servation that the y loop extends to a C of 13 wt pct, 
the C scale, placed on the bottom horizontal axis, 
has been adjusted so that the maximum extent of 
the loop occurs at 13. From Eq. 1 we find 


Tue AT we (G* 8 Cures [3] 


Upon taking for (G* G") wes, & and Cy,., the values 
18.5 cal per mol, 1.41 cal per mol °C, and 13 wt pct,” 


respectively, we obtain for our particular case 
vir NT es 1.0°C per wt pct [4] 


Thus for this case, point B in Fig. 9 lies at a dis- 
tance of 1.0°C per wt pct to the right of the origin 

The argument of G* G’ in Eq. 2 is T AT x. C 
The plot of C vs T thus corresponds to curve A 
sheared parallel to the T axis, the coefficient of 
hearing being just ATy.,.. The observed y loop of 
chromium has a minimum at 815°C. In order that 
curve A acquire such a minimum, it is necessary 
20°C, thereby being dis- 
We thus obtain 


that it suffer the shear 
torted into curve B 
AT was 20°C per wt pct 
and hence from Eq. 4 
AT.. 19°C per wt pct 
In terms of our Fig. 9, this shear corresponds to our 
moving from B toward E, a distance corresponding 
to a vertical drop of 20°C per wt pct 


Table Il), AT Parameters for Elements which Close the > Field 


per Wt Pet per Atemic Pet 


Tus T T T wee 
Chror a 2 18 19 
Molybdenu 15 17 26 
Tung-ste 5 17 26 
Vanadiur 48 %2 “4 
n 
Alur arr 4 17 15 a 


* After H wr and Jaffe 


A crucial test may now be made as to how well 
our analysis corresponds to reality. If our method 
of representing the effect of an alloving element in 
terms of the two parameters AT,,,, and ATy., is 
essentially correct, we should be able to correlate 
these parameters with other types of experimental 
data. The first parameter ATy... is directly com- 
parable with experiments on the lowering of the 
martensite transformation temperature per percent- 
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4 (G*—G") {T — C 
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age of alloying element. Our value of —19°C for 
chromium is in excellent agreement with the ex- 
perimental value* of —20°C. Unfortunately the sec- 
ond parameter ATy,, is not subject to such direct 
experimental verification. The effect of alloying ele- 
ments upon the magnetic transformation cannot be 
represented precisely by a mere shift because alloy- 
ing elements tend to smear out the temperature 
range over which the transformation extends. A 
precise description of the effect of alloying elements 
upon the magnetic transformation would thus cer- 
tainly require more than one parameter 

Only for the element chromium can we obtain 
both parameters ATy.,. and ATy., solely by use of 
the equiconcentration diagram. The other y field 
closers have y loops which extend an order of mag- 
nitude less than in the case of chromium. Their y 
loops are correspondingly less sensitive than that of 
chromium to a shear. In these cases we must take 
ATw,,: a8 given by experiments on martensite trans- 
formation and then calculate AT,., from the differ- 
ence AT aS given by the breadth of the 
y loop, according to Eq. 3. In estimating the breadth 
of the y loop, we consider the equiconcentration 
boundary to lie in the center of the two-phase 
region. Values of ATxy... and ATy,, so obtained are 
listed in Table III 

The estimated values of AT,., for aluminum and for 
vanadium appear contradictory to experience. Since 
additions of aluminum up to 10 atomic pct have a 
small but definite effect in lowering the Curie tem- 
perature, it would appear that a positive ATx., is 
inconsistent with experiment. Now ATy,, is esti- 
mated from the experimental data on the width of 
the y loop and on ATy.,,.. The value of the latter is 
taken from Hollomon and Jaffe, who in turn take 
it from Klier and Troiano,” who in turn take it from 
Zyuzin, Sadovski, and Baranchuk.” The present 
writer suspects that the value of ATy,.. first re- 
ported by the latter authors is much too high, a 
value under 13°C per wt pct being required to 
render ATy,, negative 

According to Table II, vanadium has a marked 
effect in lowering the temperature range in which 
the magnetic transformation occurs, 20 wt pct lower- 
ing this range by as much as 700°C. The Curie tem- 
perature, however, remains essentially unchanged 
by the addition of this amount of vanadium. We 
must conclude that the addition of vanadium has a 
marked effect in lowering the temperature at which 
the magnetic moments of the iron atoms begin to 
uncouple from one another, which effect would be 
manifested both by a lowering of the region in 
which the thermal capacity of the a phase is anomal- 
ously high, as well as by a premature onset of the 
lowering of the saturation magnetization with in- 
creasing temperature 

Whereas satisfaction may be found in having a 
system which reproduces the observed binary dia- 
grams, the real value to metallurgy of the foregoing 
described system lies in its ability to predict the 
location of the phase boundaries of steels having 
more than one alloying element 


Role of Magnetic Shells in Binding Energy 

Scientists are not unanimous as to the most fitting 
approach to the problem of the binding energy of 
metals. The approach first formulated by Wigner 
and Seitz” is adopted by most physicists. In this 
approach, one emphasizes the band character of the 
conduction electron. In the second approach, pur- 
sued primarily by Pauling and his students,” one 
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regards the binding in metals as similar to the bind- 
ing in molecules, namely, as covalent bonds, or more 
correctly, as resonating valence bonds 

The present author believes the band description 
of the conduction electrons to be closer to reality 
than the resonating valence bond description, and 
therefore he will adopt this viewpoint in the present 
paper. For the purposes of this paper, the following 
somewhat oversimplified presentation of the band 
description is sufficient: Each conduction electron 
contributes two terms to the energy. The first term 
is negative, representing a binding, and may be 
thought of as a potential energy, E,. This potential 
energy is the same for all the conduction electrons 
The second term is positive, representing a repul- 
sion, and may be thought of as a kinetic energy, Ex. 
The kinetic energy is quantized and hence forms an 
energy band. Now, according to Pauli’s exclusion 
principle, only two electrons, one of positive and 
one of negative spin, may occupy the same quantum 
state. The first conduction electrons which we add 
lie at the bottom of the kinetic energy band. As 
more electrons are added, they occupy successively 
higher states in this kinetic energy band. When the 
density of conduction electrons becomes sufficiently 
great, the positive kinetic energy of the last elec- 
tron added more than compensates for its negative 
potential energy. In such circumstances, the addi- 
tion of further conduction electrons results in a de- 
crease in binding energy 

The kinetic energy band is customarily repre- 
sented through a plot of density of states vs E,. The 
density of states N, is defined such that N,(E,)d E, 
is the number of conduction electrons which may 
have a kinetic energy lying between E, and E, 4 
d E,. Such a plot is given in Fig. 11 
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Fig. 10—Graph demonstrates how 7 loop of chromium is 
obtained from G*-G" for pure iron 
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We are now in a position to understand why the 


binding is drastically decreased as we add one more 
conduction electron per atom in passing from copper 
to zinc, from silver to cadmium, and from gold to 
mercury. The kinetic energy of these added elec- 
trons is so high as to overcompensate for their nega- 
tive potential energy 
In copper, silver, and gold, and in the elements 
r to their right in the pericdic table, the d 
he play a passive role in binding. The: 
that they are completel; filled means that the r 
He! yf cr nductior electre n xed nameiy one in 
copper iver, gold, two in zinc, cadmium, mercury, 
etc. In the elements lying to the left of copper, 
Iver, and gold, the d shells play an active role. The 
ncomplete filling of the d shells in these elements 
illows electrons to be transferred from the conduc- 


tion band into the d shell. Such electrons are 


said 


to be demoted. The flexibility introduced by this 


proce lernotion allows these elements to have 
he ptimur imber of conduction electrons for 
ix im binding If no demotion occurred in 
Ke t ignet aturation would correspond to 
ne bor agnet (ws) per aton Since actu 
nas a netic ituration of on U.0 per 
stor nt ist nclude that 0.4 conduction elec- 
‘ t have been demoted into the d shell 
In T elv are ‘ ed the data for the binding 
gold, and the element 
ate to the ight and to their left iu 
he pe lic table The eased binding of nickel 
ind itinur er copper, silver, and 
‘ terpreted ‘ n terms of the demo- 
ble in tl three elements, but impos- 
ble he sitter thre« We have previously inter- 
eter ene! of zim cadm 
and j from the exces ve kinetik 
ene i ited with their two conduction elec- 
Table 'V. Heot of Formation at 25°C,” Cal per Mol 
Niekel Cepper Zine 
00 
Pelladiom Silver Cadmiem 
Merceary 
22 2 004 15.000 
\ entioned in the opening paragraphs of this 
the le yf ated he an be taken 
et ealit f the first tra tion period 
vhere tre ite j ne very all 
the f the at It wil be 
ve theref e t pu the orreiation 
Ta e \ present the lata tf the first 
‘ pe We note we 
eft f pper that nicks balt, and 
Tis lent DINdGInNg energie Fron 
la ‘ Ne ee that the a three have two outer s 
‘ th 4 ited at ic State together with 
" ed half When the nickel « 
| t esce t form a solid, these 
iit ta eserv nto 
whict le é ha t f conduction (or 
is) el sw ix e the bind 


Whe we now proceed to the left in Table IV, we 


note that manganese ma w bind- 
ing energy. As explained in the introduction, an 
electron which starts a new half shell is unfavor- 
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Fig. 11—Kinetic en- 
ergy bond is illus- 
troted. The shaded 
region represents thot 
portion of the band 
which is filled with 
conduction electrons. 


m 


ably situated in that it has no exchange with other 
electrons in the same shell. Table VI is presented 
in confirmation of this expectation. We see that in 
lemoting one of the two electrons in the 4s shell to 
the 3d shell in an isolated atom, much more energy 
is required in the case of manganese than in the case 
of the elements on either side of manganese in the 
The anomalously low boiling tem- 
perature and the anomalously high vapor pressure 


periodic table 
of manganese are, of course, direct consequences of 
its low binding energy and hence may ultimately be 
traced to the d shell structure of the isolated man- 
atom 

Inspection of Table V 


Zanese 
shows that chromium also 
has a comparatively low binding energy, 20,000 cal 
mol lower than iron, cobalt, and nickel. Its 
binding energy is, in fact, almost identical with that 
f This essential identity in binding energy 


per 


if copper 
n chromium and in copper may be interpreted as 
a reflection of similar demotion Each 
atom has, in the isolated state, one 4s electron. The 

al copper has a complete d shell. Any demotion 
of its one conduction electron per atom therefore is 
lebarred. The metal chromium has a complete half 


difficulties 


met 


shell. Any demotion of its one conduction electron 
per atom therefore would involve starting a new 
half shell. It is doubtful therefore if any appre- 
ciable demotion occurs. Independent evidence of the 


extreme difficulty in starting a new half shell is seen 
in the fact that more energy is required to demote 
1e one 4s electron in chromium than the two 4s 
electrons in iron o1 nickel." Independent 
that no occurs is given by the 
specific heat. The electronic specific heat 
interpreted in terms of the 
According to this model, this specific 
! proportional to the density of states at the 
top of the Fermi distribution. As may be seen from 

ymium and copper are anomalous in 


cobalt or 
evidence demotion 
electronic 
may be most readily 


rye 


Table VII, chr 
the first transition period in having very low elec- 


Table V. Heats of Sublimation at 0°K of Elements in 
First Transition Period 


Cal per Mel 
Vanad 122.000" 
Chr arm a0 OO” 
Manganese 48 0508 
Iror 99 200" 
1 
Nicke 1 
Copper 80 300 
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tronic specific heats, indicating that in both of these 
metals no partially filled half shells are present. 

As in the case of manganese, the anomalously low 
boiling point and high vapor pressure of chromium 
may be traced to its anomalously low binding energy 
and hence ultimately to the d shell structure of the 
isolated chromium atoms 


Relation between Magnetism, Thermal Expansicn, 
and Crystal Structure 

The best known example of a material with an 
anomalous thermal expansion is Invar, an Fe-Ni 
alloy with about 40 pct Ni. The upper limit of the 
temperature range in which the thermal expansion 
of Invar is anomalously low coincides with the tem- 
perature at which ferromagnetism disappears. This 
coincidence led the early workers in the field to the 
belief that the anomalous thermal expansion of 
Invar is in some way related to ferromagnetism. 
In this section we shall examine this relation in 
some detail. This examination leads not only to a 
natural interpretation of the low thermal expansion 
coefficient of Invar, but also to a natural interpreta- 
tion of the anomalously high thermal expansion 
coefficient of manganese-rich Mn-Cu alloys, and 
finally to an interpretation of the face-centered- 
tetragonal structure of these alloys and to an inter- 
pretation of the body-centered-cubic structure of 
chromium and vanadium 


Table Vi. Energy Required to Demote a 4s Electron to the 3d Shell 
in Isolated Atoms, the Initial State Having Two 4s Electrons* 


Cal per Moi 
Chromium 23,000 
Manganese 48,000 
Iror 21,000 


* Data from ref. 4 


For our present purpose, two properties of d shells 
discussed under “Magnetic Shells and Their Inter- 
actions” are pertinent. The first property is that the 
exchange interaction between shells in adjacent 
atoms is positive, and hence represents a repulsion 
and that this repulsion is greatest when the spins of 
the two atoms are parallel. When we heat a ferro- 
magnetic material through its Curie temperature and 
thereby change the spins from a parallel arrange- 
ment to a random orientation, the repulsive ex- 
change interaction thus will be reduced. The result- 
ing contraction will at least partially counteract the 
normal thermal expansion arising from atomic vi- 
brations, thereby giving rise to an anomalously low 
net thermal expansion 

The second pertinent property of the d shells is 
their contraction as we pass to the right along a 
row in the periodic table. Thus, of the elements in 
the first transition period, nickel has the smallest 
d shell. The overlap of the d shells in nickel thus 
will be very small, and the anomaly in thermal ex- 
pansion coefficient will be correspondingly small 
Actually in nickel a rise in temperature through the 
Curie point results in a slight excess thermal expan- 
sion. Such an excess thermal expansion is what 
would be expected if the overlap of adjacent d shells 
was negligible. The writer’ had previously pointed 
out that the ferromagnetic coupling which tends to 
align the d shell spin of adjacent atoms is an in- 
direct coupling which takes place through the con- 
duction electrons. This ferromagnetic coupling does 
not require an overlap of the d shells themselves, 
only an overlap of the conduction electrons with the 
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d shells. Now this indirect ferromagnetic coupling 
represents an attraction, and this attraction over- 
shadows the direct exchange repulsion when the 
overlap of adjacent d shells is sufficiently small. The 
disappearance of this indirect ferromagnetic coup- 
ling as we pass through the Curie point in nickel 
thus is associated with a slight expansion 

From the foregoing discussion, we expect the 
thermal expansion associated with the loss of ferro- 
magnetic coupling to increase as we pass from nickel 
through cobalt to iron. Data are not available for 
making such a comparison for the pure metals 
Thermal expansion data for cobalt are not available 
A comparison of iron with nickel should be made 
only for similar crystal structures, but the face- 
centered-cubic phase of iron is not ferromagnetic 
In the absence of data for pure metals, recourse will 
be taken to a study of the thermal expansion of 
Fe-Ni alloys for compositions lying in the face- 
centered-cubic phase. We plot in Fig. 12 the mag- 
netic dilation @,,, for these alloys. The magnetic 
dilation is defined as that dilation associated with 
the magnetic configuration changing to a complete 
alignment of the atomic spins from a completely 
random orientation. In Fig. 12, two sets of data are 
plotted. One set™ is from thermal expansion meas- 
urements, from which an estimate is made of the 
difference between the actual thermal expansion 
from 0°K up to the Curie temperature, and the cor- 
responding estimated thermal expansion which 
would have arisen in the absence of ferromagnetic 
uncoupling. The second set of data is from the 
measurements of Patrick” on the effect of pressure 
upon the Curie temperature. If one considers the 
spin entropy S to be a function of only the pressurs 
and temperature and if one assumes (dT/dP), to be 
independent of temperature, one obtains from sim- 
ple thermodynamic arguments that 


(dT/dP).AS 


where AS is the change in the spin entropy per unit 
volume associated with passing from complete align- 
ment to a complete random orientation of the spins 
The coefficient (dT/dP), has been measured by 
Patrick. The entropy AS is computed by assigning 
the value of R In 3 to one mol of iron atoms, the 
value of 0.6 R In 2 to one mo! of nickel atoms. cor- 
responding to every iron atom having a spin multi- 
plicity of 3 associated with a magnetic moment of 
2 Bohr magnetons, and to 60 pet Ni atom having a 
multiplicity of 2 associated with a spin of one Bohr 
magneton. We see that, in Fig. 12 as we approach 
high iron concentration, the magnetic dilation a 
obtained from pressure measurements becomes con- 
siderably larger than that obtained from thermal 
expansion data. We infer from this discrepancy that 
at the higher iron concentration the atomic spins do 
not become completely randomized upon passing 
through the Curie temperature. This inference is 
consistent with our interpretation of the a ~ y ~ 3 
transformation in iron, where we had to assume 
that the spins in the a phase become only partly 
randomized at the Curie temperature 


Table Vil. Coefficient of T{y) Electronic Specific Heats* 


Cal per Mel 
Meta! v cr Mr Fe ce Ni Cu 
xlo 4 42 12 12 i74 18 


* After Stoner * 
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Fig. 12—Magnetic dilation in foce-centered-cubic Fe-Ni al 
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Scott;” and cross, Chevenerd.™ 
bait has a larg i shell than has nickel, 
‘ ect that the ibstitution of some cobalt 
the Fe-Nia would result in a larger 
a alle et thermal ex ansion 
of? eft ex ‘ t observed 
ice and led to the development of super-Invar 
We w pa f the 1 Ke balt ron triad 
t a t w manganese Whereas 
me the | Neus are ma as t give a neg- 
‘ ‘ tior ve pass to close-packed y iron 
he he are iff ent i e to prevent a ferro- 
ignet ilignment As we tinue to manganese 
he ‘ Ww et i she has further increased 
The eased ve lar may he Dest 
r ‘ anganese pha e which 
: ‘ ed up yuenching if small additions 
ire nade T? phase is face-centered- 
cut it high temperature Now na close-packed 
truct e. nearest neight atoms cannot have their 
spins antiparallel ¢t ne another, since nearest 
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to one another In a face-centered-cut structure 


1 arrange- 


t is possible, howeve ave ar ere 
ment of spins in which each atom has more nearest 
neighbors with spins antiparallel than parallel to 
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its own spin. Such an arrangement is given if alter- 
nate 100 planes have alternate spin directions.* The 


t by Meneghett 


* Sidhu hu kind informed the author of a repor 
und Sidhu, Physical Revieu 1954) 95. p 666. which confirms by 
. tiffraction the antiferromagnetic spin structure of Mn-Cu 


four nearest neighbors in the same 100 planes then 
have parallel spins, whereas the eight nearest neigh- 
bors in adjacent 100 planes have antiparallel spins 
Having parallel spins, the nearest neighbors in the 
same 100 plane will have an exchange repulsion, a 
repulsion which will not be present between nearest 
neighbors in adjacent 100 planes. The ordered spin 
arrangement therefore would be tetragonal, the c/a 
ratio being less than unity. Such a face-centered- 
tetragonal structure with c/a less than unity was, in 
fact, found in quenched Mn-Cu alloys some 25 years 
ago by Persson and Ohman.” 

Such an ordered arrangement of spins 
course, a lower entropy than has a random arrange- 
ment and hence is expected to take place only at 
lower temperatures. From the heavily twinned 
structure of these alloys first noted by Worrell,” the 
that these alloys were face- 
centered-cubic at high temperatures, becoming 
tetragonal during quenching. This prediction has 
been verified by Zwicker” who found that this tran- 
face-centered- 
pure 


has, of 


writer” predicted 


sition from face-centered-cubic to 
tetragonal occurred at about 250°C for nearly 
manganese and at gradually decreasing tempera- 
tures as nickel was added 

As one passes from the face-centered-tetragonal 
to the face-centered-cubic structure in Mn-Cu alloys 
with a rise in temperature, one passes from a spin 
arrangement in which the spins of nearest neigh- 
bors are dominantly antiparallel to one in which 
randomly oriented. The face-centered- 
face-centered-cubic transition is asso- 


they are 
tetragonal 
ciated therefore with an increase in the number of 
neighbors with repulsive exchange inter- 
actions. This transition therefore must be associated 
with an anomalously high thermal expansion. That 
this is indeed the case is demonstrated in Fig. 13, 
taken from the data of Basinski and Christian.* 

We are now in a position to specify the materials 
For the metal with a 


nearest 


for an ideal bimetallic strip 


small expansion coefficient, we must choose one 
which is ferromagnetic, the Curie temperature be- 
ing at the upper limit of the operating range and 


being as large as is consistent with the 
of ferromagnetism. For the metal with a 
large expansion coefficient, we must choose one 
which is antiferromagnetic, the Curie temperature 
being at the upper limit of the operating range. For 
in temperature through the 


1e d shells 


presence 


such a bimetal, a rise 
operating range is associated in one-half of the bi- 
metal with a decrease in the number of nearest 
neighbors with repulsive exchange interactions, in 
the other half of the bimetal with an increase in the 
number of nearest neighbors with repulsive ex- 
change interactions 

As we now continue to the left 
transition row through manganese to chromium and 
the d shell continues to expand. Whereas 


along the first 


vanadium 
in manganese the resonance interaction between the 
i shells was not sufficiently great to modify the 
structure from face-centered-cubic until the tem- 
perature was lowered to 250°C, in chromium the 
increased interaction modifies the face-centered- 
cubic structure only 100° or so below the melting 
temperature.” The lower temperature phase is body- 
centered-cubic, a structure which is even more effec- 
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tive than the face-centered-tetragonal structure in 
reducing the number of nearest neighbors with 
parallel spins, i.e., with a repulsive exchange inter- 
action. In a body-centered-cubic structure, all near- 
est neighbors may have antiparallel spins. Finally 
in vanadium where the d shells are still larger than 
in chromium, the metal crystallizes directly into the 
body-centered-cubic phase. 


Relation between Magnetism and 
Mechanical Properties 

The three preceding applications of magnetism 
to metallurgy have required some insight into the 
detailed magnetic structure of the first row transi- 
tion metals. In contrast, our final application of 
magnetism to metallurgy requires only a familiarity 
with macroscopic concepts 

It has long been known that magnetostriction fur- 
nishes a coupling between magnetism and mechan- 
ical properties of ferromagnetic materials. A com- 
mon measure of the strength of this coupling is the 
magnetostriction constant A. This constant is defined 
as follows: Suppose we start with a specimen in 
which the elementary domains are magnetized at 
random along the various directions of easy mag- 
netization. When we now apply a magnetic field of 
sufficient strength to magnetize the specimen to 
saturation, the accompanying tensile strain along a 
line parallel to the magnetic field is given by A 

Becker and Kornetzki* “ demonstrated that mag- 
netostriction may have a profound effect upon the 
damping capacity of a ferromagnetic material Their 
argument may best be understood by considering a 
ferromagnetic material with an ideal B-H curve of 
the type shown in Fig. 14A. The stress-strain curve 
of such a material will then be of the form shown 
in Fig. 14B. Now the pressure exerted upon a 90 
domain wall by a magnetic field H is essentially JH, 
by a stress o is essentially Ao. Hence the relation 
between the critical H and the critical « for domain 
wall movement is 

o, 
where J is the saturation intensity of magnetization 
The area of the mechanical hysteresis loop is given 
by 
AE = 2JH 

and hence is approximately one-half the area of 
the magnetic hysteresis loop. The variation with 
stress of the damping capacity (AE/E) associated 
with this magnetoelastic coupling is shown in Fig 
14C. 
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Fig. 13-—Thermal expansion coefficient of CuMn alloy, after 
Howk from dete of Basinski and Christion,” is shown. 
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Fig. 14—Magnetoelastic coupling is illustroted. H. is coercive force; 
magnetostriction constont; (Y.M.), Young's modulus; and J, sotu 
ration intensity of magnetization. Drawing A is a representation of 
ferromagnetic material with an ideal 8-H curve. 8 is the stress 
strain curve of such material. C shows the voriotion with stress of 
the damping capacity (AF/E) associated with magnetic coupling 


Cochardt has recognized that the magnetoelastic 
damping illustrated in Fig. 14 is the principal source 
of damping in the common turbine-blading high 
chrome steel. Following this recognition, he has 
made a thorough and brilliant study of magneto- 
elastic damping and its practical applications.” 
Because of this work, metallurgists are now able to 
design the desired damping capacity into their ma- 
terials through a control of the appropriate magnetic 
characteristics. 

Conclusion 

From the preceding discussion, it is apparent that 
our insight into magnetism has already had a pro- 
found influence upon our understanding of many 
aspects of metallurgy As this insight becomes 
deeper and becomes more widespread among metal- 
lurgists, it is to be expected that magnetism will 
have an ever-widening influence upon metallurgy 
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Experimental Production of Al-Si Alloys In 


A Three-Phase Furnace 


Experimental production of Al-Si alloys, containing from 33 to 55 pct Al, by direct 
reduction cf aluminum silicates in a three-phase arc furnace is described. Advan- 
tages of o smelting technique utilizing hogged wood waste as part of the reductant 
and for temperature control are discussed. 


and a number of patents were issued on processes 


g ha een in pros nee the for the production of Al-Si alloys.” * The function 

the eighteenth century. Early work met of the silicon in these processes was the same as the 

th tthe ICCE and in 1782 Lav ‘ in emi- function of the copper in the Cowles brothers proc- 

ent French chemist, expressed the belief that alu- ess, namely, to prevent the reduced aluminum from 

i ild not be reduced irbon. I. was almost recombining with the oxides of carbon and to pro- 

iter when the vles brothe leveloped mote absorption of the aluminum vapors set free at 

the | luction of aluminum alloys by the high temperature required for the reduction re- 

‘ nt with the reduction of action. The advantage of using silicon in place of 

t xides. In practice, the other metal oxide copper for this function is that silicon has a higher 

vas u pper. | 907 it was first shown that boiling point (2600°C) than copper (2310°C) and 

, ‘ i be reduced by carbon at a tem- its oxides, combined with aluminum oxides, occur 

perat f 2200°C. The metal produced was vol- in nature in almost unlimited quantities 

at la ei bined with the oxides of No Al-Si alloys have been produced commercially 

carbor ed in the reactior in the United States, as far as is known. However, 

F 1 number of years after the Cowles brothers considerable experimental smelting of aluminum 
abandoned production of Cu-Al alloys because their silicate materials has been done by the TVA at Wil- . 

product was not commercially competitive with the son Dam, Ala.* The most extensive development and 

aluminum produced by the Hall process, there was commercialization of the electrothermal production 

little interest in thermal reduction processes. After of Al-Si alloys took place in Germany before and 

World War I interest in such processes was renewed during World War II." The furnaces used in the 
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German smelting process were of the single-phase 
open-top pit type. The usual voltage was about 55 
and amperage about 20,000 when amorphous carbon 
electrodes 26.5 in. diam were used. Apparently no 
commercial quantity of Al-Si alloys was produced 
in three-phase furnaces at that time in Germany al- 
though such furnaces were operated on an experi- 
mental basis.“ 

Alumina is not necessary as a raw material for the 
production of Al-Si alloys, and depletion of high 
grade bauxite deposits on the North American con- 
tinent has fostered interest in thermal reduction 
processes for the production of these alloys from 
nonbauxitic raw materials. Almost every report on 
future North American resources of aluminum em- 
phasizes the necessity for developing methods for 
utilizing low grade aluminum-containing raw mate- 
rials, such as clay, shale, and even high iron later- 
ites. Electric furnace smelting of aluminum silicate 
materials to produce a crude Al-Si alloy is the first 
step on one method of obtaining supplementary 
aluminum from the nonbauxitic materials. A num- 
ber of potential large volume uses for this crude 
Al-Si alloy are: 1—supplying silicon for and sup- 
plementing primary aluminum or scrap aluminum in 
the manufacture of silicon-containing aluminum 
alloys; 

2—in the production of aluminum by processes, 
such as one patented by Dr. Hirsch Loevenstein, in- 
volving extraction of the aluminum by a solvent 
metal followed by vacuum distillation of the solvent 
metal: 

3—in the production of usable Al-Si alloys, such 
as silumin, an alloy containing 12.8 to 13.2 pct Si,” 
or further modified silumin produced by fluxing 
silumin with a mixture of sodium chloride and 
sodium fluoride, as patented by Dr. Aladar Pacz; 

4—as a reductant in the production of magnesium 
by the Pidgeon process; and 

5—as a reductant and a deoxidizing agent in the 
steel and ferroalloy industries 


Description of Smelting Process 

The smelting tests on the production of Al-Si 
alloys were carried out in two electric furnaces 
which had been installed for experimental produc- 
tion of ferroalloys. Both furnaces are three-phase, 
with automatic electrode regulation; they are of the 
cylindrical open-top pit type. The large furnace uses 
8 in. graphite electrodes and has a shell 96 in. diam 
and 78 in. nigh. The small furnace uses either 3 or 4 
in. graphite electrodes and has interchangeable shells 
of different sizes. Carbon linings are used in both 
furnaces. A complete description of the smelting 
equipment and facilities used at the Albany Station 
of the Bureau of Mines is contained in a previous 
paper.” 

In the smelting operation, aluminum silicates are 
mixed with reductant and shoveled into the furnace 
The reductant may be coke, charcoal, sawdust, 
hogged fuel, or mixtures of these materials. When 
the furnace is operating normally, the charge is 
kept at a uniform depth. The electrodes extend 
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through the charge, and the useful heat for conduct- 
ing the reduction reaction is provided by arcing on 
the molten bath. The charge feeds continually into 
this smelting zone, and alloy is tapped from the 
furnace at regular intervals 

When the charge between the electrodes becomes 
conducting, part or all of the current flows through 
the charge, and little or no heat is developed at the 
electrode tips by arcing. Under these conditions little 
smelting occurs because electric arc temperatures 
are needed to reduce aluminum silicates 


Table |. Carbon and Energy Requirements for Reducing Charge 


Constituents 
Al si Fe 
Lb carbon per Ib 0 668 0 856 0 501 0.215 
Kw-hr per ib 3.03 2.80 1.702 0.355 


Under ideal smelting conditions, there is just 
enough carbon in the charge to reduce all of the 
oxides to metal, and no slag is formed in the furnace 
When there is a deficiency of carbon in the charge, 
a high melting point slag is produced which is diffi- 
cult to tap; with an excess of carbon in the charge, 
infusible silicon carbide forms and collects on the 
bottom of the furnace, and the charge between the 
electrodes becomes conducting. The type of reduc- 
tant, as well as the amount of reductant, also affects 
the conductivity of the hot charge. Hogged fuel—a 
mixture of wood chips, splinters, and sawdust-——has 
been found to be the most effective type of reductant 
for minimizing charge conductivity. Other advant- 
ages of using hogged fuel as a major portion of the 
reductant in the furnace charge are: 1—-The charge 
is porous, and gases formed by the reduction reac- 
tion in the smelting zone can escape readily. 2—The 
charge serves as an insulating blanket over the 
smelting zone and this permits less radiation and 
makes for more comfortable operating conditions 
3—The temperature of the smelting zone may be 
controlled by the adjustment of the proportion of 
hogged fuel to coke in the charge. 4—There is much 
less bridging and crusting in the furnace. 5—Vapor- 
ization and dust losses are minimized 

Assuming that the carbon in the charge reacts 
with the Al,O, SiO, TiO, and FeO to form carbon 
monoxide and metal, the theoretical carbon 
and energy requirements can be calculated. The car- 
bon requirements are calculated from the equations 
for the reactions; the energy requirements are cal- 
culated from the heats of formation.” Carbon and 
energy requirements for reducing the charge con- 
stituents are shown in Table I 

The actual carbon requirement is not always the 
same ar the tneoretical requirement but may be in- 
creased by oxidation and by formation of carbides 
and decreased by the formation and volatilization of 
silicon monoxide and possibly by the volatilization 
of some lower oxides of aluminum. The optimum 
carbon requirements can be determined only by 
operation 

Description of Smelting Tests 

The purpose of the Bureau's electrothermal smelt- 
ing research has been to determine the chemical 
composition range of Al-Si alloys that it is practical 
to produce, to make studies on the use of’ hogged fuel 
in the furnace charge, and to determine optimum 
furnace operating conditions. To date, six con- 
tinuous-type smelting tests have beer, made in a 
small furnace and two in a large furnace. These tests 
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have been aimed at producing Al-Si alloys contain- 


und 55 pet Al 


ing approximateiy 35, 45 


The analyse f clays used in smelting tests are 
hown in Table Il. Eastern clay was used in three 
test Alumina was used ir ne large-scale test to 
ncrease the ALO, content of the charge. The Colum- 
bia clay used was a standard-brand high duty fire- 
clay mined near Renton, Wash. The aw Cowlitz 
cla from an extensive deposit near Castle Rock 
Wast Va ca ned r the Burea ta kiln 
V af ft gged wood waste wood cr! 

Five exy jtory tests were nducted in the small 
ful ed at estat ning na ma laining 
pe meit nditior fire y ntair 

7 Kirmate 45 pct alun 1. In the first tw 
ned easter cla Na ised Western 
irt? af if t? te 


Table i. Analysis, Pct, of Raw Materials Used in Smelting Tests 


Fixed 
less on Car 
Materia Al” Pet) TiO, Ignition CeO NeO ben 
29 
8 
6 2 42 
m2 
96.3 
‘ tyr 
A ae 
he hang the operation of the furnace 
et t ‘ the use far gre 
pow t per pound of clay. Tt 
was ach 1 tior ved 
fu harge. Al f theee tect 
ted aa liat I o! 
blocked the ip e and 
tually impossible. The fiftt 
ted p ma tete ‘ whvetine 
‘ ise ed it A iid iit 1a 
t gi elting temperature t ake tapping 
it iifficult The charge portior 
i of 0 Ib « und 280 Ib hogged fuel 
ed 60 gradual bullduy mass of 
‘ bide oO he heart! esulted in a 
the tapholk Appa t the rf 
‘ ni : eductant re te in too slow a 
eed at to th tir ind in high elec- 
le high temperatures 
1 t tapping tempera- 
50°C. Howe this extreme temperature 
j at n tapping on carbids 
j ‘ tre 
tent of the change n this series of 
te va ried over a cor lerable range; how- 
t? ptimun ange | ved ti be hetween 95 
e st et ements. Elec- 
t | ‘ grit Dut no ap- 
ef? ent the than that wt na 
highe A ec t prove smelting con- 
the ir elect it become ncandescent 
the yuate ) Capac ty 
A fte eva atir tre esu tr t? ‘ ‘ of five 
test i xt test Was mace the na fu act 
Four ma chang were ce the yperating 
conditior for tl test based mn the expenrence 


gained from previous test l—Silica rock was 
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added to the charge mixture to simulate a 35 pct 
alumina clay. 2—Electrodes, 4 in. diam, were sub- 
stituted for the 3 in. ones used previously. 3—A 
lower voltage and higher amperage at approxi- 
mately the same power input were used. 4—A uni- 
formly sized wood chip product, free of sawdust and 
bark, was substituted for the run-of-the-mill hogged 
fuel previously used 

The average charge proportions were 74 lb Cow- 
litz calcined clay, 26 lb silica rock, 232 lb wood 
chips, and 9 lb coke. The operating voltage was 38 v, 
phase-to-phase, at a power input of about 140 kw 
After 102 hr of operation under ideal and uniform 
operating conditions, the furnace was shut down as 
scheduled with every indication that this test could 
have been continued indefinitely 

The pertinent data for the series of five tests on 
calcined 45 pct alumina clay and the sixth test on 
the simulated 35 pct alumina clay are summarized 
n Table III 

The first test in the large furnace was an attempt 
to smelt a simulated 55 pct alumina raw material 
After 113 hr of operation the test was terminated as 
insuccessful, owing to an accumulation of material 
that would not tap from the furnace. This result was 
similar to that experienced in many of the tests in 
ll furnace 

The charge relations used in a second test in the 
large furnace were 100 lb calcined Cowlitz clay, 216 
lb wood chips, and 11 lb coke. The carbon content of 
averaged about 102 pct of the stoichio- 
tr ement. The electrical conditions were 
the same as for the previous test in this furnace 
The operating technique used was based on the ex- 
After 209 hr of 
furnace was in operable 


ic requil 


perience gained from previous tests 
operation, the 
yy production had been maintained at 
or most of this period. Opening the tap 
10st troublesome feature of this test 
ed the use of an oxygen lance 
parison, the pertinent data on two tests 
in the large furnace are summarized in Table IV 


noie Wa 
and often requl! 


or con 


Discussion of Test Results and Conclusions 
The use of hogged fuel or wood chips as part of 


to be the most important 
for the successful smelting 


the reductant is believed 
single factor responsible 
f alumina silicates in a three-phase electric arc 
The smelting temperature and the tapping 
temperature were controlled by varying the propor- 
ion of hogged fuel to coke. These temperatures must 


be kept high to operate successfully. However, when 


iurnace 


only hogged fuel was used for the reductant, as in 
the fifth test, the temperature was so high that car- 
robbed from the electrodes and a large 


ty of silicon carbide formed on the furnace 


bon was 


When too little hogged fuel was used, tap- 
ping temperatures dropped, resulting in excessive 
crusting and furnace blowing. When the correct pro- 
portion of hi ed fuel was used, the feed rate of the 
ore into the smelting zone could be correlated easily 
with the power input, and a definite ratio of kw-hr 
per pound of aluminum silicates charged could be 
maintained without having open arc conditions or an 
excessively deep dry top 

Specific electrical conditions must be maintained 
These 
electrical conditions have been expressed by the 
formula R E/I « D.” Experience has shown that 
the R factor should be maintained between 0.12 and 
0.15 in both the small and large furnace when using 


to insure a continuing smelting operation 
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Length of smelting test, hr 
Charge proportions, ib 
: 100 


Clay, calcined, eastern 
Clay, calcined, Columbia 
Clay, calcined, Cowlitz 


Silica rock 
Coke, 96 pet fixed carbor 20 
Hogged fuel, 13 pet fixed carbon 150 


ixed carbon 


Wood chips, 12 px 


Carbon, pct stoichiometric 106 
Electrode diameter, in 3 
rode voltage, phase-to-phase 52 

t, amp, average 1400 

Power input, kw, average 130 
Electrode current density, amp per sq in 197 
0.20 


R, ohm, in 


Consumption of ore, lb per hr 

Alloy production rate, ib per hr 

Power con kw-hr per Ib of ore 
Power cor kw-hr per Ib of alloy 14.0 
Electrode consumption, graphite, Ib per ton of alloy 
Composition (typical) of alloy, pct 


Aluminum 65° 
Silicon 25 
Iron 3.4 
Titanium 1.6 
50 


Alloy recovery, pct 


* High aluminum content due t 
* Due to slag inclusions 


Table I/|. Summary Data on a Series of Small-Scale Tests 


Operating Cenditions 
22 


Operating Results 
77 68 


formation of silicon carbide which resulted in tapping only an aluminum-rich fraction 


Test Number 


100 


100 100 10 
™ 
26 
12 6 “ none “ 
200 220 224 230 
232 
98 92 102 7 gs 
3 3 3 3 4 
45 45 52 45 ‘8 
1700 1800 1600 1700 2100 
140 145 135 140 140 
238 254 212 238 170 
0.15 ole 0.19 60.15 0.13 
60 53 38 50 
13 15.5 is 12.5 21 
2.1 24 2.54 3.7 3.78 
10.7 112 67 
560 475 322 530 $58 
a7 46 33 
42 46 as 37 55 
a8 5.8 22 8.0 
1.6 15 32 11 3.0 
66 78 w 72 


graphite electrodes. Under these conditions from 6.2 


to 7.2 kw-hr are required per pound of alloy pro- 
duced. The actual electrical energy requirements 
compared to the theoretical requirements indicate 
smelting efficiencies of between 39 and 46 pct. 

The difficulty of smelting aluminum silicates in- 
creases as the alumina content of the charge in- 
creases. Little difficulty was exgerienced in one of 
the more recent tests when an Al-Si alloy analyzing 
33 pct Al was produced from a charge of clay and 
quartz. A continuing operation was maintained 
when producing an Al-Si alloy, analyzing 49 pct Al, 
from clay. With more experience, it may be possible 
to continuously produce alloys containing higher 
percentages of aluminum. 
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Table 1V. Summary Doto on Tests in the Large Smelting Furnece 


Ineperable Operable 
Operating Data 
Length of period, hr 113 200 
Charge proportions, ib 
Clay, calcined, Cowlitz 100 
Clay, raw, eastern 100 
Alumina 
Coke, 96 pet fixed carbon 16 1) 
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Kosaka Smelter, The Dowa Mining Co., Japan 


Hydrometallurgy of Copper-Zinc Concentrates 


An investigation of the hydrometallurgy of Cu-Zn concentrates by The Dowa 
Mining Co. of Japan is described and a detailed flowsheet of the Kosaka hydro- 
metallurgical plant is given. Sufficient operating experience has shown that the 
Dorrco FluoSolids system has proven successful for recovery of both zinc and copper 
by roasting in a fluidized bed. At present, 2400 metric tons of concentrates per 
month ore being treated and recoveries of 93 pct Cu and 65 pct Zn are being effected. 
RVEY f the Japanese chemical industry in 
A thins that Table |. Calcine Solubilities 
as from the K Acid Soluble, Pet Water Soluble, Pet 
f } i M ( Lid Kosaka 
i ‘ ‘ iste he atn phere a Cu 98.4 95 
Zn 95 0 “4 
in additior t wa ting that Mmpany ar Fe 42 2.7 
($2 } )a 
the su inding property caused by the by flotation, but any separation of copper and zinc 
oxide in the § It was recommended by proved extremely difficult. In blast furnace oper- 
. vey that the gas be utilized f the produc- ation at Kosaka, zinc had been slagged off until a 
ilphu 1 by the ntact proce stockpile of about 12,000,000 tons containing 5 pct 
ted the United States in May Zn had been accumulated. Mr. Kurushima felt that 
, t nvestigate the engineering, constructior f any of the zinc in the concentrate was sulphat- 
i a ntact acid plant. Any acid ized and leached with the copper, it also could be 
ika would necessarily have to be recovered electrolytically 
H to prevent corrosion im raul i tank The Dorr Co., sponsors of fluidization technique 
ting it to the point of use. However n the metallurgical field, suggested that sulphate 
f 98 pet acid requires constant vo! roasting be tested out on a laboratory scale and 
O t f the gas. As the converter gas that, if successful, a commercial Dorrco FluoSolids 
th volume and quality, it system be constructed. They indicated that the re- 
to evaluate t! meiting process wit! sults from such laboratory tests could be transposed 
ut ethods of recover! to a commercial scale without pilot planting the 
reveaied a relative new type o! roasting operation. It was therefore decided to 
the D » FluoSolids reactor, which was send samples of flotation concentrate to the West- 
i t apable ast the copper s a port Mill, laboratories of The Dorr Co., for testing 
ent t ex a with the 
ens aly vite Table Condition of Electrolyte, Copper Section 
rt ppe phate the d be leached Initial State of Bath. Change. 
te © and elect yt copper recov- G per & G pert 
+) rr h tr HS) Ni 65 
pract he Chile Exy at urrent (dc) density at cathode 12.1 to 14 amp per sq rt 
na \ rl k ppe phate surmption of electricity 2600 kw-hr per metric ton 
1 reactor of t type would eliminate Quality of cathode copper 99 97 r tCo. 
Dbiast fu nda and ‘ 
The Kosak ‘ an es oer fine mixture The objective of Mr. Kurushima’s visit to the 
f coppe! ne, and lead sulphides. The lead ana rs United States thus had changed from investigation 
nm mount of the barite present can be separated f sulphuric acid plants to a fundamental examina- 
H. KURUSHIMA ond $. TSUNODA, Members AIME, are President tion of the hydrometallurgy of copper and zinc 
and Chief Metallurgist, respectively, The Mining Co. Ltd 
Kosoke, Jopan Testing Program 
Discussion of this paper, TP 3994D, may be sent, 2 copies, to In February 1951, Mr. Tsunoda went to the 
AIME by July 1, 1955. Manuscript, Sept. 21, 1953. New York United States to witness the application of the 
Meeting, Febrwory 1954 FluoSolids system to sulphate roasting at The Dorr 
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by Hidesaburo Kurushima and Suketoshi Tsunoda 


Co.’s laboratory. The flotation concentrates tested 
analyzed 8.7 pct Cu, 15.4 pet Zn, 21.6 pct Fe, 2.93 
pet Pb, 32.7 pct S, and 11.3 pct insoluble. These 
concentrates were 80.3 pct —200 mesh 

Laboratory tests indicated that copper and zinc 
of high solubility were present in the calcines pro- 
duced in the FluoSolids reactor for subsequent 
leaching. Roasting at 700°C with 50 pct excess ai: 
produced calcines which, when leached with 5 pct 
lphuric acid and water, yielded the solubilities 
given in Tabie I 


Table I!!. Condition of Solution, Sponge Copper Section 


Initial State of Bath 


G pert Change, G perl 
Copper 15 t& 17 11 
H SO, 65 90 
Zirx 100 
Current ‘dce) densit t cathode 15.8 to 18.4 p per sq ft 
Cons pti of elect t 4500 to 5000 kw-hr pe et 
t of ae ppe 


The conclusions drawn from these tests were 
] 95 pct of the copper is converted to copper sul- 
phate, 2-90 pct of the zinc is converted to zinc sul- 
phate, 3——5 pct of the iron is converted to ferrous 
and ferric sulphate, and 4—a suitable roasting tem- 
perature is 700°C 

Greatly encouraged by the results of the roasting 


tests, a further study was undertaken to devise 


methods for the recovery of the copper and the zinc 
from the solutions by electrolysis and to secure the 
data needed for the design of a commercial plant 
To secure this information, a 300:1 scale pilot plant 
ucted at Kosaka. Tests were made there 
trolyses of the copper and 


ty 


Was cons 


to secure data on the ele 


zinc, on the purification of the liquor for the elim- 
ination of iron, cobalt, nickel, etc., and on the neu- 
ti ition of the solutior 


Table IV. Condition of Electrolyte, Zinc Section 


Initial State of Bath 


G pert Change. G pert 

Zirn 
H SO, N 
ent de at tr te 7 Qa 
T - tage 
Qua f ez 99 98 

Since no published data could be found on the 
electrolytic recovery of copper and zinc from the 
mixed solution, it was fortunate that the author 
had the guidance of Dr. S. Tokunaga, Director of 

Mitsui Mining C: who had perated a plant for 
the electrolytic recovery of these metals from scrap 
brass anodes. This part of the process as developed 
consis in itline, of 1—the electroly f the 
leach solution of mixed sulphates to obtain sound 
cathode copper, 2 electrolytic stripping of the so- 


lution to remove the final copper as sponge, and 3 


purification and electrolysis of the solution to ob- 
tain electrolytic zim 

As a result of the pilot plant tests, the optimum 
conditions, outlined subsequently, were established 
as being suitable for the operation of the commer- 


Optimum Conditions for Commercial Operation 


Copy er Electrolysis Sectior It was established 
that the electrolysis of the copper should be carried 


Spe noe Cor per Section: At this point the olutiot 


is so depleted in the copper ion that most of the re- 
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mainder must be removed as sponge copper. Con- 


ditions in the sponge section should be as given in 
Table Il 

Zinc Electrolysis Section: After neutralization 
and purification of the solution, the low acid, low 
current density method for the recovery of the zinc 
was used. The optimum conditions for the zinc 
electrolysis plant were established, see Table IV 


Anticipated Operating Conditions for 
Commercial-Scale Plant 

Upon the completion of successful pilot plant 
tests, a commercial-scale plant was designed to 
treat 2400 tons per month of flotation concentrates 
with an expected average analysis as given in Table 

From this concentrate, recovery of the products 
of purities and amounts given in Table VI was 
anticipated 

The plant was expected to effect yields of 92 pct 
of the copper and 75 pct of the zinc 

Plant Flowsheet 

A detailed flowsheet of the Kosaka hydrometal- 

lurgical plant is given in Fig. 1 


Table V. Anticipated Average Analysis of Concentrates 


Element Pet 
Copper 10.6 
Zirx 16.7 
Lead 24 
Sulphur 19.0 
ir 26 
Concentrate Handling The flotation concen- 
trates are produced at the Hanaoka mine, whicl 
situated about 24 miles south of Kosaka. The mill 
and smelter are connected by a railroad having two 
different track gage Flotation concentrate are 
placed in steel boxe of two-ton capacity and 
loaded onto standard gage flat cars at the mill 
These boxes are transferred to flat ca of the nat 
row gage railroad at the junction point of the two 
systems by a crane On reaching the melter, the 
concentrate is dumped into the torage bi 
The concentrate are discharged ! m the torage 
bin onto a belt conveyor that leads to a repulpet 
tank where spent zinc electrolyte is added to make 
ip a slurry of about 75 pet id Tr ul 
charged into the FluoSolid eacto! DY a Moyno 
pump 
Table VI. Anticipated Recoveries 
Ele ‘ 2 
Che pre« tated « 
bys et 
Roasting: The Dorrco FluoSolids reactor, 20 ft 
ID by 16 ft high, roasts the concentrates at 700°C 
and an automatic control holds t temperature 
witnir 35°C Roaster ga containing fine dust 
passes to a waste heat b« ler for heat recovery and 
then to a two-stage cyclone and Ventu crubbe! 
system for recovery of the fine dust. Calcine prod 
ict weight distribution is as follows: reactor ove! 


flow, 48 pct; waste heat boiler, 19 pct; cyclones, 28 
pet; Venturi scrubber, 4.75 pct; and stack lo 
0.25 pet 

The reactor overflow, waste heat boiler, and cy- 
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| 
| 
| 
| 
| 
| 
| 
| 
/ clot ducts are caught in quench tanks and flow steam per Hl EEN of the Rn 
by gravity to a ¢ ection tank fror which they are eaching, Zinc py i” a 
to the quench tank taken from the overflow of In the primary circuit, sum 
the secondary thickener in the residue washing cir- actor overflow, waste heat boiler I Sm 
cuit. The scrubber product treated separately cyclones, amounting to 95 pct of the ERE, are 
q The waste heat boiler, with a capacity 77” lb given a 5 hr leach at 70°C in a series of three 


Table Vil. Copper Tank House Dota 


Srd@ Stage 
ist Stage tnd Stage (Spenge Cepper) 
10.9 85 24.5 
25 22 7 
in 4.25 2.64 
g per! ‘4 25 i2 
in spent solution. ¢ per 25 12 i 
rature of electrolyte, “C 50 45 60 
of cells ) 50 
size, ft 10.6x2.8x3.4 6.0x4 10 6x2. 8x34 
de size, in 25.6x30.3x0 2 18.1%28.0x0.2 25.6x30 
de size, in 28.4x31 4 20 5x29 25. 6x27.6 
of anodes per cell 24 22° 4 
23 20° 13 
47 5.1 af 
2600 2300 5100 
80 
Walker Thophan Walker 
time, days 7 5 
cathode, Ib 72 35 
Percentage of total copper 54.7 245 20 8 
Copper Analysis 
Cu, pet 99.97 99.97 70 to 80 
Pb. pct Trace Trace 
Zn, pet Trace Trace 4 
Fe, pet 0.0030 0.0030 o4 
S. pet 0.0050 0 0045 
Bi, pet Trace Trace 
Au, g per ton 0.05 0.05 02 
Ag. @ per tor 4 22 
Sb, pct 0.0005 0.0005 
Ni, pet Trace Trace 
As, pet Trace Trace 2.27 


* Two sets of cathodes and anodes per cell 


wooden agitators equipped with acid-proof mecha- 
nisms. Pulverized manganese ore, 60 pct MnO,, is 
added to the primary agitator at the rate of 200 Ib 
per hr for precipitation of iron. Acid strength at 
the start of leaching is 5 to 7 g per 1 and decreases 
to 2 g per | in the final agitator 

Solids collected in the Venturi scrubber plus res- 
idue from the primary circuit are leached together 
in the secondary circuit where they are given a 4 hr 
leach at 70°C with 50 g per | sulphuric acid solu- 
tion which is collected in the Venturi scrubber 

Overall leach solubility is 94 pet Cu and 88 pct 
Zn 

Solution and Residue Treatment: Solution and 
residue in the main circuit are separated in a four- 
stage Dorr countercurrent decantation system. As 
an aid to washing, some of the neutralized solution 
from the zinc tank house, containing 27 g per | Zn, 
is added to the second-stage thickener and fresh 
water is added to the fourth stage. The solution 
from the primary thickener is sent to the copper 
tank house after clarification at the following anal- 
ysis: 54 g per 1 Cu, 100 g per | Zn, and 2 g per | Fe 

Residue from the final thickener of the counter- 
current decantation circuit is pumped to the sec- 
ondary leaching tank where it joins the pulp from 
the scrubber. The solution from the single-stage 
washing thickener used in this circuit is sent to iron 
cementation cells for recovery of the copper. The 
solution from the cementation cells is then neutral- 
ized and discharged into the river. The cement 
copper recovered in this circuit is refined in the 
smelter. The residue from the single-stage washing 
thickener passes through a conditioner and 12 flota- 
tion cells where a scavenger concentrate is made 
In the flotation step, 20 pct of the gold, 60 pct of 
the silver, 30 pct of the copper, and 60 pct of the 
zinc values of the residues are skimmed off and 
sent to the blast furnace for recovery of the pre- 
cious metals and the copper. The flotation tailings 
are pumped to a storage dam where they are being 
held for future utilization, a problem now being in- 
vestigated. The washed residue contains | 0 pet Cu, 
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2.0 pct Zn, and 40 to 45 pet Fe. Washing efficiency 
is 98 pet for the copper and 95 pct for the zinc. The 
pregnant solution is clarified before going to copper 
electrolysis 

Electrolysis of Copper: Copper electrolysis is car- 
ried out in three stages with insoluble hard lead 
anodes containing 5 pct Sb. Cathode copper is pro- 
duced in the first two stages and sponge copper is 
produced in the third stage. The sponge copper is 
sent to the pyrometallurgical section where it is 
smelted and cast into anodes 

Starting sheets are made from soluble anodes 
The copper starting sheet blanks, 2 mm thick, are 
coated with oil and soap solution. After 20 hr of 
plating, the starting sheets are stripped from the 
blanks, cut to size, and the hangers are then at- 
tached. For copper tank house data, see Table VII 

Cathodes in the sponge copper section are mad 
of lead plate. Equal weights of gum arabic and 
thio-urea are added to the first and second sections 
as follows: No. 1 section, 60 g per metric ton of 
cathode, and No. 2 section, 12 g per metric ton of 
cathode. In addition to the foregoing reagents, a 
nonsoluble higher alcohol is added to the cells to 
control acid mist. The five rows of cells in the sec- 
ondary copper circuit are arranged in a parallel wir- 
ing or Thophan system. Dc power at 250 v, 6000 
amp is supplied by a 1500 kw contact converter 
manufactured by Fuji Denki Co 

Spent Solution Neutralization and Precipitatu-n 
of Values: Solution leaving the copper tank house 
contains 1 g per 1 Cu, 100 g per | Zn, and 90 g per | 
H.SO,. Solution neutralization and iron precipita- 
tion by adding pulverized limestone is carried out 
in tanks. The precipitated gypsum thus produced 
is separated from the solution by centrifuging. The 
copper, cadmium, nickel, cobalt, etc., are removed 
by the addition of zinc dust and 8-naphthol The 
purified solution, before going to zinc electrolysis, 
is cooled to 20°C by means of a vacuum cooler 

Electrolysis of Zinc: Zinc electrolysis is carried 
out at 36° to 38°C with insoluble lead anodes con- 
taining 1 pet Ag. Solution enters the zinc tank 
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that could be inspected easily and any de- 
posit found promptly scraped off. In places where 


double 


was not possible to install open launders, 
pipe has been laid with one pipe held as a spare 
The deposition of gypsum had been anticipated but 
the rapidity, quantity, and location of this scale was 
far beyond expectations 

Corrosion of Stack Interior: The third problem is 


xit gas from roasting. If an 


difficulty would 


associated with the « 


acid plant had been installed, this 


never have been encountered. An acid plant was 
not installed originally because of the large invest- 
ment needed, the uncertainty as to the quantity and 


ty of the gas, and the problem of the trans 


xa 

tation of the ilphuric acid. The most important 
eason wa lifficulty of a financial na e, since 
many member f the staff, even including the met- 
allurgical experts, had expressed a great deal of 


this new process. As it was expected 


that tr ga would be ised after a few years, a 
temp« y stack, 200 ft high, 4 ft diam at the top, 
and built of reinforced concrete, was installed. The 
Ne 73 ft of the stack was lined with acid-proo! 
brick. The exhaust gas from roasting contains 5.5 
pet SO., and in full operation the volume 154 cfs 
Six months after the start of operations the bot- 
tom of the stack was found to be nearly ck d om 
ce Wed concrete fragments that had fallen from 
the top of the stack. Inspection of the stack re- 
vealed that corrosion was so bad at the top that 
ore f the reinforcing ba! were expo ed This 
ce sion was caused by the presence of SO, and 
vater vapor in the gas 
lo correct is problem, it was decided to erect a 
new tack, lined with acid-proof porcelain brick 
ana t nstal one of the Chemical Constructior 
( Venturi scrubbers which removes n t of the 
SU, and dust Also, to eliminate the moke damage 
blem, a fan capable of introducing 395,000 cim 
i nto the stack was installed By a dilution, the 
tack now delivers 1 pct SO, gas at 50 fps and 


should no 


moke damage 
Conclusions 
have been encoun- 


nece aiy 0 mu 


phate for treatment in the electrolytic sectior 
At the present time, The Dowa Mining Co. is 
treating 2400 metric tons of concentrates per mont? 
and btaining 93 pct Cu and 65 pct Zr recoveries 
Discussion of this pape f any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 


Transactions, Vol. 203, 1955 
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| 
| 
tered which at times have Mace | ii yy ' 
iown or reduce capacity while corrections are be- 
! made Nevertheless, sufficient experience has 
q bee! btained to justify the statement that the Dor: 
: FluoSolid ystem has been a succ¢ at the Kosaka 
plant f The Dowa Mining Co 
Formerly, effective roasting of mixed Cu-Zn-F* 
; sulphides to produce highly luble copper and zin« 
was considered to be extremely difficult because of 
the lifference between the formation or decompo- 
tion temperatures of copper and Zinc ilphates 
Th yperation has proved that it is possibile t e- 
cove both the copper and zinc by roasting in a 
fluidized bed. It the authors’ opinion that the 
‘ ely controlled atmosphere and temperature 
within the reactor, that are not obtainabi n ther 
tvpes of roasters, are responsibie f the at ty t 
cure a strong SU. gas f acia manufacture and a 
wate ible slicing f copper and 
| 


Topochemical Aspects of Iron Ore Reduction 


The gaseous reduction of dense iron ore is a topochemical process in which reduc- 
tion takes place at distinct interfaces between solid phases or layers. Under normal 
conditions, these interfaces remain parallel to the exterior surface of the ore body 
as they move inward. Certain conditions, such as cracking, high porosity, impurities, 
entrapped residual oxides, may cause departures from normal topochemical behavior. 


- HE gaseous reduction of dense iron ore proceeds 
at interfaces between several solid phases o1 
normal conditions, these interfaces 
progress inward and remain parallel to the exterior 
surface of the ore body. This topochemical! behavior 
is clearly illustrated in Fig. 1 which shows partially 
reduced specimens of natural and synthetic hema- 


tute 


layers Under 


Using a coordinated sequence of macro, micro, and 
X-ray examinations, the authors found that the 
number of interfaces and participating phases was 
in agreement with the Fe-O system. Above 570°C, 
reduction of the ore involved a maximum of three 
common boundaries between four solid phases: iron, 
wiustite (Fe.O), magnetite (Fe,O,), and hematite 
(Fe.,O,). Below 570°C, reduction proceeded through 
two interfaces between three phases: iron, 
netite (Fe,O,), and hematite (Fe,O,). The 
below 570°C was due to the 
nstability of wustite below this temperature 
The sequence of phases was also consistent with 

brium requirements. For example, the 
des that were formed in topochemi- 


mag- 


decrease 


in the number of phases 


layers of iron Ox! 


cal fashion were 


always orientated in the order of 
‘hus, in Fig. 1 an outer 
layer of metallic iror in turn by a thick 


band of black wustite, by a thin layer! 


ncreasing oxygen content 


is followed 


intermediate 


if light magnetite, and finally by a relatively large 
core of hematite. This arrangement of the 


layers was due to restrictions in 


reducing conditions 
which were imposed by the physical structure of the 
outside of the 


particle gradually lost its reducing power as it pen- 


olid. The highly reducing gas on the 


etrated into the specimen 
I he layers of the various oxides 
appeared to be sharply defined and uniform in com- 
roexamination of the sections, however, 
evealed that the interfaces did possess measurable 
iths which varied with the porosity and chemical 
activity of the oxide phase undergoing reduction 
For example, Fig. 2 shows three interfaces in a dense 
which was partially reduced at 850°C 


where the 


hematitic ore 
At the 
porosity developed, the 
zone 25 to 30 microns in width 


ron-wustite interface greatest 
reaction proceeded over a 


Toward the interior 


the interfaces became progressively narrower until 
at the magnetite-hematite boundary the reaction 


wide. In this region the 
hematite 


ne was about 1 mucron 
structure was exceedingly dense; the pos- 


essing a porosity or 
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ond Metallurgy, University of Minnesote, Minneapolis 

Discussion of this paper, TP 3934C, may be sent, 2 copies, to 
AIME by July 1, 1955. Manuscript, June 30, 1954. Blast Furnace, 
Coke Oven, and Rew Materials Conference, Chicago, April 1954 
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A careful micro study across polished layers of the 
various oxides revealed generally homogenous and 
single-phase structures. As reported in a previous 
paper,’ the wiistite layer was characterized by an in- 
crease in oxygen content with depth of penetration 

The topochemical reduction was 
studied in six types of ore of different origin, com- 
position, and physical structure. In most cases, re- 
duction proceeded at the boundaries of well defined 
or phases, and this behavior may be regarded 


behavior of 


layers 
as normal for most dense fine grained ores 


Deviations from Ideal Topochemical Behavior 

A number of deviations from the normal topo- 
chemical behavior noted. In these cases, the 
continuity of the reduction interfaces was disrupted 
in one of four ways 

1—Cracking of the specimen interrupted the geo- 
metric configuration, and the interfacial advance was 
no longer parallel to the exterior surface 

2—-As a result of high porosity, the interfaces wer« 
spread over an 
obliterated 


3—Impurities in the ore 


were 


appreciable distance and all but 


promoted a variety of 
deviations, including cracking 
+ A res dual oride phase 
product and left 
macro interface 

Results from Cracking 


was entrapped in the 
reaction behind the advancing 
A crack leading into the 
a path of least 
-flow of reducing gases and 
Higher: 


maintained along such cracks and re- 


interior of an ore specimen present 
resistance for the counter 
gaseous reduction products reducing condi- 
trons can be 
duction accordingly will propagate well ahead of the 


normally advancing reduction interface 


Cracking was caused by a number of factors, one 


of which was the thermal spalling of impurities in 
the massive form. A more general type of cracking 
was due to reduction and was found in all dens 


varieties of natural and synthetic hematite, particu- 
larly in the temperature range of 500° to 700°C 


The effect shown clearly in Fig. 3. In this case, a 
dense sphere of pure hematite was partiall) 


at 650°C for 


reduced 
that 


pr Cl- 


100 min. The macrosection show 


one large reduction crack had penetrated the 


advance 


only 


men and disrupted the normal topochemical 
of the interfaces, The 
slightly affected but the thin dark layer of wustite, 
had widened perceptibly as it 
inward, the 


outer layer of iron wa 


adjacent to the ferrite 
the crack. Farther 


magnetite layer was greatiy di 


progressed along 
srupted and had pene- 
trated irregularly to form island f unaltered white 
hematite. A great deal of interna! 
dent in the 


From a pract cal pr nt of 


magnetite phase 
view, the cracking of 


dense ores in the blast furnace could lead to desir- 


able as well as undesirable effects. The general result 
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porosity of the specimen, hydrogen could have built 
up to a higher reducing potential near certain crys- 
talline aggregates. 2—From the viewpoint of chem- 
ical kinetics, certain of the wiistite grains could 
have been more reactive than others 
Porosity effects in the reduction of iron ores have 
been studied by Joseph’ who found a distinct corre- 
lation between increased porosity and increased re- 
ducibility. With dense ores, the internal reduction 
reactions are restricted to narrow interfaces with a 
relatively small amount of surface available to the 
gaseous reducing agent. The porous ore, however, 
allows the reactions to proceed over zones of con- 
siderable depth and thus over a proportionately 
larger surface. This increased reaction surface in the 
interior of porous ores is a big factor in increasing 
their overall reducibility 
Effect of Impurities: Impurities may play a role in 
the topochemism of reduction but their effect is 
quite varied. Quartz, for instance, behaves as an in- 
ert impurity and will produce some physical dis- 
turbances such as cracking, but only if it is present 
in the massive form. During normal reduction, 
neither the temperature nor the time is sufficient for 
the silica to react with any of the iron oxides. The 
microexamination of ore 8B in Fig. 2 shows many 
interlocked silica inclusions but none of these had 
reacted with any of the oxide phases or had any 
other substantial effect on the progress of reduction 
Another clear-cut case of inert impurity behavior is 
shown in Fig. 6 which depicts the magnetite-hema- 
ich a selective tite interface in partially reduced dense India ore 
ineveness in the The silica inclusions here are of a dendritic nature 


: b—Specimen of natu 
P sphere vl f ral dense ore 8A. Half 
partially reduced in section of rectongu 
hydrogen at 750°C lor prism, partially 
for 40 min and ' reduced at 850°C for 
et X45 35 min and etched 
reduced approxi X45. Area reduced 
mately 35 pct for re approximately 35 pct 
production for reproduction 


Fig. |1—Topochemicol aspects of dense ore reduction are illustrated by the two exomples of 
reduced specimens of natural ond synthetic hemotite 


interface. White phose is b—Wistite-magnetite interfoce. Dark-gray c—Mognetite-hemotite interface. Light-gray 
won; dark-groy phose, wistite; ond block in phose is wustite and light-groy phase, mog- phase is magnetite; light phase, hemotite: 
clusions, silice netite and black inclusions, silica 


Fig. 2-—Three reduction intertoces of noturol ore 88 ore shown. The specimens were reduced im hydrogen at 850°C for 35 min and etched 
X500. Area reduced approximately 35 pct for reproduction 
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wouid De a decrease in parti ize 
ote educt 7; thy ipper eac? 
Exce ve ackKing weve 
ary int fire and the ate f du 
E fect Por tu: The effect 
cracking. In the extreme ase of 
ame a ne of high por ty. The 
iiffuse a ind the individual oxide 
reducing trr phere ve a 
listance. Within this reaction zor 
in may act a8 a minute topochs 
ous hematite was partia 
j n and the resulting struct 
ma f 45 diamets at 
3 


Fig. 3—Effect of 
cracking is clearly 
shown in this macro- 
structure of synthetic 
ore sphere 15. Speci 
men was reduced in 
hydrogen at 650°C 
for 100 min and 
etched. X45. Area 
reduced oapproxi- 
motely 25 pct for re 
production 


Fig. 5—Micrograph, 
taken near cube cen 
ter, shows interior of 
specimen of partially 
reduced porous ore 
Sample etched. White 
phose is iron; gray 
phase, wiistite; and 
block area, plastic 
filling representing 
pores. X500. Area 
reduced approxi 
mately 25 pct for re- 
production 


and do not appear to have had any direct influence 
on the progress of reduction 

Impurities may also exist in iron oxide material 
in the combined form or as an integral part of the 
oxide lattice. Magnetite, in particular, possessing a 
spinel type of structure may contain foreign atoms 
as substitutes in the ferrous and ferric ion positions 
of its lattice. The effect of such impurities on the 
progress of reduction is not well known, From an 
equilibrium point of view, Schenck, Franz, and Wil- 
leke* have shown that foreign oxides such as MgO, 
MnO, CaO, ZnO, ALO, etc., can combine with the 
iron oxides under certain conditions and that these 
combinations drastically upset the conventional 
equilibrium conditions and the reducibility of tl 
products formed. However, little information 
available concerning the effects of such impurities on 
the kinetics of reduction 

Some partially reduced Arkansas lodestone 
shown in Fig. 7 and illustrates the effect of com- 
bined impurities on reduction. The polished section 


is 


of this species of magnetite revealed a uniform phase 
structure with not more than 2 to 3 pct of foreign 
matter as distinct and separate minerals. Its chemi- 
cal analysis, however, indicated 20 pct of impuritse 
most of which must have been present as an integral 
f the magnetite lattice. On being reduced, the 
pecimen formed an irregular layer of white iron at 
riphery. Reduction also occurred along cracks 
and fissures of the ore as shown by the gray wustite 
and white iron phases within the basic magnetite 
tructure. An X-ray examination of zones A, B, C 
nd D of the specimen clearly established these 
phase relationships 

Microexamination of the specimen gave the resul 
A portion of the iron layer has an 
ferrite is agglom- 


shown in Fig. 8 
unusual appearance in that the 


erated into masses of small and distinct spheroids 
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Fig. 4—Macrostruc 
ture of porous hema 
tite ore is shown 
Specimen wos re- 
duced in hydrogen ot 
850°C for 10 min 
and etched X45 
Area reduced ap- 
proximotely 25 pct 
for reproduction 


Fig. 6—Magnetite 
hemotite interface of 
dense India iron ore 
is depicted. Speci 
men reduced in hy 
drogen at 850°C for 
40 min and etched 
Groy phase is mag 
netite; white phase, 
hematite; and black 
inclusions, silico 
X500. Area reduced 
approximately 25 pct 
for reproduction 


Fig. 8a. These spheroids were probably kept from 
intergrowing by the precipitation of oxide impurities 
from the spinel type of lattice during reduction. In 
a section located at one of the interior cracks of the 
specimen, iron, wiistite, and magnetite are seen to be 
oriented in the proper topochemical order with re- 
spect to the crack, Fig. 8b. Even with the porous type 
of iron layer that had formed and with the effects of 
cracks and fissures as shown, this lodestone reduced 
very slowly. This resistance to reduction could be 
attributed to some effect of the impurities in the 
magnetite lattice 

Effect of Residual Oxide: The final deviation 
noted was that of incomplete reduction at the iron- 
the larger and more 


wiustite interface. Certain of 
the 


inert wiistite grains reduced slowly, so that 
iron that formed around them had time to 
intering action. The sintering 
tite with ferrite, 


tite 


sponge 
undergo a definite 
action encased these grains of wu 
retarded their reduction at the moving iron-wu 
interface, and permitted their retention well out into 
the iron layer. At the same time 


a large amount of 


Fig. 7—Macrostructure of 
partially reduced Arkansos 
lodestone is shown. Som 
ple was reduced in hydro 
gen at 850°C for 120 min 
and etched. A, 8, C, and 
D are zones, exominotion 
of which established phase 
relotionships. X6 
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o—Mucrostructure of 
the 
« 

Specimen shows por 


owter iron lover 
ows iron sponge with 
dork areas of reduc 


fron porosity 


lron wustite 
synthetic 
winder N 9 
ed Sample 
hwdr gen 

for 70 min 
ed White 
ron, gray 
wustite and 
pores 


reduc 


Fig. 8—Microexomination of partially reduced Arkansas lodestone gave the results shown in 


o and b. Specimen wos etched. X500. Area reduced approximately 25 pct for reproduction 
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Wustite Retention Effect on the Rate of 
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Magnetite Reduction 


b—Micrograph shows 
reduction on on in 
terior crock. Porous 
sponge iron bounds 
crock surface; dork 
wiistite follows and 
is bounded by light- 
gray magnetite 


10—Micrograph 
structure of 


Fig 
shows 
sponge iron layer in 
Elba crystal moss 
Specimen reduced in 
hydrogen at 850°C 
for 20 min and 
etched. White phase 
is iron; gray phase, 

and block 
pores. X500 
Area reduced ap 
proximately 25 pct 
for reproduction 


wustite 
creas, 


Fig. 11 —Curves show the reduction rates of New York magnetite os 


a tunction of temperoture 
hydrogen 


1955 


6+8 mesh moterial wos reduced in 
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« 
* 
Fi 9 ft ~ - 
’ ' : 1 A ty cast tite by Wiberg” in Kiruna magnetit and by 
4 ) whic! picts the t tite Chufarov and Tatievskaya’ in a species of Russian 
Ke nert od magnetite. Some reference has been made to the 
? hematit Anotl } ase ite effect as a rate maxi m condition for magne- 
tite re tite at 600°C. but th conclusion was reached with- 
t } f t educed n it the benefit of rate data above 800°C. There has 
‘ tite t f I i. Suct nte | been a tendency to associate the anomaly with 
ind it ent eff ts } e beer } the behavior if magnetite in general. but certain 
‘ prev ‘ ‘ ave 1¢ magne tite h a> the Al Kar a> lode stone 
é t from t==eeduction of ; e oxide materia ind western magnetites do not show a rate minimum 
ee in the present investigation, a rough block of th: 
| New Y kK magnetite was reduced in hydrogen at 
rc f pe d of 2 hr. The reducing conditions 
~ ve ‘ r oduce a pecimer whict would be 
wow educed to a point wel) within the minimum rate 
ev , ired I field. From the macro result shown in Fig. 12. it 
iJ ‘ ws . vident that the reduction behavior had been quite 
tn tems tu nm tre sont } 


A rough 


iron is seen 


different from that encountered previously 
topochemical shell of white metallic 
penetrating the specimen at its periphery. Beyond 
this shell, the reduction had propagated into the 
through countless fissures. The penetration 
had been surprisingly uniform, so that fine stringers 
of iron are seen to be evenly distributed throughout 
the interior of the specimen 

An X-ray examination showed that the outer 
layer was composed entirely of iron while the in- 
rior was a mixture of iron and wiistite. More in- 
formation was gained from a microexamination. Fig 
13a shows an interior portion of the specimen at 
X250 and the microstructure is most unusual. With- 
out exception, the grains of wustite were 


coated by thin films of iron 2 to 3 microns in thick- 


interior 


te 


large 
ness. This coating was apparent along every visible 
pore, and hole 1 th I rior of the 
At the higher magnificati . the lavers of 
iron appeared to be extremely dense and to have en- 
cased the wiistite grains with a solid 
ferrite coat Fi 13b. Within the iron shells, the 
exceedingly phase 
There is 


grains 


specimen 
unreduced 
wustite was dense 
similar to tl f : iginal magnetite 
some ques 
studies cor- 

i started 

rma! fashion but had deviated into an ab- 
havior after about 40 pct of the process 
ympleted 


in turr 


These two stages will be con- 


Normal Behavior in the Early Stages 
of the Reduction of Magnetite 


In this period, the or jal m ite was reduced 


com- 
inde! 
rate conditions 
found for 
basis, this 
dense 
structu! f the magnetite and 
phases 
Abnormal Behavior in the Later Stages 
of the Reduction of Magnetite 
ron and wu were pl 
an 
he following effect on 
ron: Near the end of the 


ite phase was reducing 


reduction a aly has been 


an the 


‘ 


mentioned 
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application, this retention wiistite phase could 
have an important bearing on the manufacture of 
pure sponge iron products from magnetite ores 01 
concentrates. In carbon monoxide 
effect has not been found to be as st 
has studied the 
monoxide on 


reduction, the 
Wiberg’ 
hydrogen and 
Kiruna magnetite at 1000°C 
and has concluded that iron film fo ni- 
mized with the carbon monoxide eductant. His 


tineory is based on the larg 


rious 
relative behavior of 
carbon 


mation is mu 


pressures that can be 
iron-wistite interface due to the 
requirements of the Fe-C-O 
These pressures have been calc ulated to app! 
atm at 1000°C and could conceivably 
thin films of iron 


generated at the 
equilibrium system 
oach 40 


rupture any 


Differences in the Rates of Magnetite ond 
Hematite Reduction 
Hematite ores gener: 


magnetite ores or sinters 


reduce more rapidly than 


Actually the hematite 


phase must pass through the magnetite stage during 


reduction, and it might be inferred that a hematite 


ore should reduce more slowly than one composed of 
magnetite. Ir 
h 


considering this question, Bitsianes 
as concluded that the following physical and chem- 
ical factor 
l The grain size of magnetite ore is 
than that of hemati ore 


considered, this 


S are important 
usually 
When dense ore 


difference in grain size 


coarse! 
bodies are 
along with other factors may have a profound effect 
on the 


mechanisms and rates of reduction. In coarse 


grained magnetite, for instance, the reduction re 

ons estricted to tremely narrow interface 

a relatively small amount of internal reduc 
“hese ores lowly 


reduce more 


zrained hematit in which reduction 


auses the } 1 I t and cr 
l rface 


of the 


an effect o1 


magnet as 
Moreove! 

‘ could 
magnetite pro 
matite t elevated 


vet 
cry ai- 


product 
to iron 
ientat ov 


Meh! 


Fig. 12—-Macrostruc 
ture of New York 
magnetite is shown 
Specimen wos re 
duced in hydrogen ot 
850°C for 120 min 
and etched. X45 
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sidered 
n 
to wustite without any adv e kinetic effect rhe ee = 
‘ osity eal 
wistite at the surface of the specimen aiso began to rn Be: 
a aree 
reduce and form metallic iron in a normal topo- ; ne Pee 
2—The crystallographic orientation oxide 
chemi A study of the kineti jata for this +} 
surface being reduced may have 
reduction mechanisn Hydrogen molecules would a 
behave differently in bombarding and initiating re- i ae 
action on a lattice irftace of 
compared to that of ne xagonal 
the lattice irface of natural r pe: 
act differently than that of artif a 
juced by gaseous reduction of he ie: 
temperature 
}—Even more important is the matter of 
lographic orientation in the reductior ro 
they are being formed. In reducing mag! a 
Buinov and his coworke found the Bese 
elationshiyy to be the ame as those found by Hill a 
and McCandke f the oxidation of iron. These re- > 
normal period, the dense w pe lationships are such that the conversions of magne- - 
lowly enough so that relatively large amour of 4 
3 ‘ ” 
hydrogen could diffuse past the macro interface, 
through the many fissures, and into the interior ol P ae 
the specimen. A sufficient concentration of hydro- 
reduction of the lense wustite gral! Was oO slow ax 
that their thir irface layers of pure ponge ror 
ules U ig? ich coating Wa nece ariuiyvy a very 
low process. a the ate of reduction of the 
Ne fork rr netit BOO was one-tenth of the « 
rate at 600 see Fig. 11 
retention effect previously. In practical 


o— Unreduced core is 
shown White phose 
is iron, gray phase 
wustite ond block 
creas, fissures. X250 
Area reduced ap 
prosmotely 25 pet 
for reproduction 


Fig 13—Micrographs 
were lightly etched 
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b—Micrograph of un 
reduced core was 
taken ot a higher 
magnification. White 
phase is iron; groy 
phase is wistite; and 
block creas, fissures 
X500. Area reduced 
approximately 25 pct 
for reproduction 


show structures of portially reduced New York magnetite. Specimens 
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Relat n the Reduct Oxidati and Cart 
t Process Iror 10. The Influence 
‘ Oxid upon the Equilibria. Ztsch. anorg 


lid phase interfaces which remain parallel to the 
exterior surface as they progress into the piece of 
re. Such topochemical behavior was observed in 
ix types of ore of different origin, composition, and 
physical structure and may be regarded as normal 
for hard dense ores that do not crack excessively 
luring reduction 

Departures from the normal topochemical be- 
havior were noted. In these cases, the layered struc- 
ire and the continuity of reduction interfaces were 
disrupted in one of four ways 

1—Cracking of the specimen interrupted the ad- 
ince of continuous interfaces between well de- 
ned layers 

2—The interface was spread over an appreciable 
width due to high porosity 


Impurities promoted structural irregularities 


4—A residual oxide phase was entrapped in the 
eaction product and left behind the reacting inter- 
face Wistite thus could be encased in a relatively 

pervious layer of iron which had been consoli- 
lated by sintering. This condition was largely re- 
ponsible for a minimum rate of reduction of certain 
magnetite ores at 800°C 

Most of these deviations were caused by condi- 
tions which allowed a relatively high concentration 


if hydrogen to be maintained beyond the advancing 


nterftace 

Crystal size and crystal orientation before and 
during reduction are important factors which make 
hematite more educible than magnetite 

Discussion of this paper, if any, will appear in 


JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955 
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Technical Note 


Oxidation of Oxygen-Saturated Titanium 


HE oxidation of titanium has been studied in 
recent years by a number of investigators "One 
of the most important aspects of the reaction of 
titanium with oxygen, which has been observed by 
several of the investigators, is the extremely high 
solubility of oxygen in the metal. A detailed study of 
the Ti-O system” has shown that the solubility limit 
of oxygen in a-titanium is approximately 14.5 wt 
pet O from 800° to 1700°C. The unusual oxidation 
behavior of titanium may be ascribed to this phe- 
nomenon, since part of the oxygen uptake enters 
into solid solution in the metal and only a part is 
available for scale formation. A more complete study 
of the kinetics of oxidation of titanium would re- 
quire information on the influence of oxygen in solu- 
tion in the metal upon the oxidation rate. Such in- 
formation would also be of interest in regard to the 
theory of oxidation of metals 
The authors have measured the oxidation rates of 
oxygen-saturated and oxygen-free titanium be- 
tween 800° and 1200°C and have found appreciable 
differences in their rates of oxygen uptake and in the 
activation energies 
The experimental set-up was similar to that de- 
scribed in a previous paper." The course of oxida- 
dation was followed continously by attaching the 
specimen to a sensitive spring balance and observ- 
ing the extension of the spring with time of oxida- 
tion. High purity electrolytic oxygen was used and 
precautions were taken to purify the gases em- 
ployed. The specimens were prepared from iodide 
titanium and were ground on metallographic 
polishing papers to a fineness of 4/0. The furnace 
was first evacuated and filled with argon; the speci- 
men was lowered into the furnace, which was then 
evacuated and filled with oxygen, after the speci- 
men had reached the oxidation temperature in argon 
The samples were presaturated with oxygen by 


means of the following procedure: Each specimen 


M. SIMNAD, Associcte Member AIME, A. SPILNERS, and O 
KATZ ore associated with Metals Research Laboratory, Carnegie 
Institute of Technology, Pittsburgh 

TN 269€. Manuscript, Aug 2, 1954 
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was first heated in oxygen at 1200°C until its in 
crease in weight indicated 13.8 pct by weight uptake 
of oxygen. The furnace was then immediately evac- 
uated and filled with purified argon five times The 
specimen was heated in the argon atmosphere for a 
period of 72 hr at 1200°C in order to saturate the 
metal with oxygen by complete absorption of the 
scale. The temperature was lowered to the oxidation 
temperature, the furnace was evacuated and filled 
with oxygen, and the oxidation rate was followed by 
noting the extension of the spring balance. No oxide 
film was visible on these specimens at the start of 
the oxidation experiment 

Titanium samples in the oxygen-free as-received 
condition were also oxidized and their oxidation 
rates measured 

The results are shown in Figs. 1, 2, and 3, which 
indicate that the initial rates of uptake of oxygen by 
both the oxygen-saturated and oxygen-free speci- 
mens are parabolic at these temperatures. The rate 
of uptake of oxygen is, however, appreciably lower 
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‘ 
; 
‘ ‘ gen-free specimens at high temperatures may be 
e to the fact that the authors rep< t the « ilts of 
t nit tes of oxidation rather than the rates based 
. the times studied by the other investigators 
. The agreement with the value eported by Jenkins 
ea Tt tude are being continued wit! othe 
vir high veer il tie to 
elucidate the influence of oxygen in solution upon 
mo tr cha xidatior metal The esult of 
; ul pe th vork borates the theory put forward by 
J Kins that xygen diffu ” within the core ar 
it the x dat or ‘ f tit il The 
‘ ger at f x<ide formation will be governed by the 
Mu existing xvgen gradient in the core 
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Integration of Metallurgical Engineering Education 


As a response to rapidly growing specialization in various branches of metallurgy, 
it is proposed that undergraduate education in metallurgical engineering should be 
built up around four principal scientific themes: 1—thermodynamics, 2—structure, 
3—mechanics, and 4—rate processes. 


HE following quotation from a recent article by the educator must be concerned not only with the 
von Bertalanffy’ describes very well the situ- rate of increase mn metallurgical knowledge and 
ation which today challenges curriculun designers with the concomitant rate of increase in pecializa 
n all branches of science and engineering tion, but also with the second derivative that 
“Modern scientific education is presented with a with the rates of increase of the rates of increas 
well known dilemma. The amount of facts in mod- These second derivatives are positive and large; the 
ern science and in any of its mallest branches wins be lealt witl ire elf-catal I 
enormous. Life in general, and the academic cur- like a ct r eactior 
culun n particula hort The ibundance if As a mea L I pecializatior the length of the 
factua lata a Vet as the intricacy if moderr t of lifferent kind met i or 
cientific techniques, experimental and theoretical jered, the kind f met 1 whic epresent 
nece tate itn t pecializat Tr pec i i be Da ticula nt t and those 
tior inavy tr igh t ny ve ‘ ou acti ng meta i tart wit? the Ant 
lange f both the education of the entist and pt cal met irs ce metaliu ) nad mir 
the social function of science eTa dre ing, then mechanica metaliurgy meta! 
In so fa as the advancement of science is con- processing foundry etallu , or , 
cerned, history shows that interconnection of dif- tate physi high temperature metallurgy weld 
ferent fields and problems i most important ba ng, powde meta nuciear metaliurs et 
of t gres Mar of the | any int achievement Each of these fie Ving ‘ ipidl that ar 
f ence a e on borde re and from the syn- ye metaliurgist in hoj it best to Keep up to 
the f forme y e} ate q late ore 'w 
Specialization in subfields of metallurgy has be- What the impact of these “metalurgic OF 
ome a serious educational problem only in about metallurgical education and metallurgical curric an 
the last decade The growth ir specializat al- ia In answer tr jestior can be i first 
most as a necessity, has paralleled the rapid growth that educators have re te la y ws the tempta by 
metallurgical knowledge during thi period tor te pit up meta with different cur - 
Moreover, in planning future educational polici« ricula, different optior ; with different la- 
bels, and the like legres i given in plair 
R SCHUHMANN, JR. Member AIME, is Professor of Metallurgi- Metallurgy and Metallurgqecal Engineering. In other 
cal Engineering, Purdue University, Lofoyette, Ind ways, though. the ires of specialization have 
Discussion of this paper, TP 3998D, may be sent, 2 copies, to had noticeable effect There tendency to think : 
AIME by July 1, 1955. Manuscript, Aug. 13, 1954. New York Meet of these “metallurgi« the important subdis ‘ 
ing February 1954 sions of Metallurgical Engineering and to work up 
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Tm ennct erhanic i¢ ic Nkaole that the reenancihilitw itiallw at least the abstract thinking of calculus or 


a feeling of metallurgists in common—these will be the areas 
one t of obligation to teach these subjects be- of scientific knowledge which characterize the met- 
juse these represent the kind f thing luate allurgist and the metallurgical engineer. If these 

¥ be doing. Perhaps the most s is demarca- fields of knowledge are made the foundations of the 

Sion that between physical metallurgy and ex- curriculum, certain of them will requi 


> separate 
; é etallurgy. The dichotomy between physi- basic courses designed specifically to develop the 
taliurgy and extractive or process metallurgy body of principles and the point of view of each 
has hes handled different n different institu- field. Even these courses should utilize illustrative 
r One philosopt that the two fields are s« metallurgical applications and should be developed 
lifferent they preser j antially different pro- with the objective of getting the student to learn, or 
‘ f this point of view leads to a cu slum start to learn, how to apply basic principles to real 
ng one field thoroughly and the other i . engineering situations. Subsequent courses should 


ntative irvey fashion. Undergraduats irric- bring out interrelations between the different fields 
ft kind enable the : t teacher to do a and should develop the student's ability to bring all 4 
t e th igh and satisfying b, but the result points of view to bear on more complex metallur- 
, é ev f the prof ' n the end gical situations and realistic metallurgical problems 
‘ tw fe : nstead of one On the A curriculum built up in this way from the basic 
the 1, when the tendency t pecialize in one sciences probably will cover metallurgical tech- 
} he i nehe é ted and the curricu- nology and metallurgical practices rather poorly 
i ned er bot? balanced fashion Some processes, some alloys, and some arts which 
either the f ai metaliurgist me the proces are of considerable industrial importance and which 
net i t may be satisfied with the mpromis¢ have been habitually included hitherto in metal- 
Anot ternative i five-yea indergraduats lurgy courses will be left out. A few tears may 
it A t be a pract olution have to be shed over some of the deliberate omis- 
inie t idopted f ull engineering education sions, but consolation is to be found in the fact that 
é f metallu : jucation to the coverage of important metallurgical practices is 
f ipid wth in knowledge already impossible and with another ten years’ 
pecializatior mportant to the fu- growth will be ridiculous even to consider 
ti The mn must have Beyond elementary mathematics, physics, and 
t A i purpose chemistry, the field of metallurgy may be charac- 
list he ts membe fron the terized by four principal scientific themes: 1—ther- 
efine i field activity modynamics, 2—structure of matter, 3—engineer- 
‘ jua‘ified above ng mechanics and mechanical behavior of materials, 
! ‘ It not ir that ind 4—rate processes n this list, order is not sig- 
! to metallur; education nificant and further caution must be exercised 
1 f idth and unit Progran because the labels selected for these four fields may 
ne | } f met ing ichieve mean different things to different people. Undoubt- 
t the exper f breadtl grams de- edly, additions will have to be made to the foregoing 
met gy ! ad eer ! t to prepare men for certain specialized metallur- 
! 1 rathe tha ! ca activitie me may need nuclear science 
} : j ‘ met irs be nd that given in undergraduate physics; others 
e of th ' ‘ to present t ble may need advanced mathematics, inorganic chem- 
stior f met , cal engineering istry, advanced electricity and magnetism, etc. Such 
} wa to 1 mote both breadt} additions as these. justifiable though they may seem 
the metallurse al fe pecial cases, do not come i 
being essential for all metallurgi 
Approaching o New Curriculum hand, it is difficult to conceive of a man cal 
4 elf a metallurgist who cannot call on all four of 
~ Pe a the approache listed previously In fact, most 
ven metallurgists reading this paper will find it easy to 
wren think of problems in which all four of these points 
f view have contributed simultaneously to the 
‘ 1 other ¢ k f the , ilar t “ le modynamics are required in many present metal- 
! vise. ma mt verment ti ih the inven- lurgy curricula. Originally introduced as a basis 
i t of two new es for process metallurgy, this science now is generally 
ted e such development recognized as a powerful tool in all branches of 
be mited i pe itting metallurgy. An excellent summary of the relation- 
. the estat hed es U ire retained ship between thermodynamics and metallurgy was 
given recently by Austin’ as part of an ASM sym- 
Genera: cc posium on Thermodynamics in Physical Metallurgy 
' Still other recent and convincing evidence of the 
Ac the ba ‘ building a new curriculum. it major role of thermodynamics in all branches of 
necessary first to delineate the few general area metallurgy is to be found in such books as Wagner's 
f basic ence. bevond elementa itthematic Thermodynamics of Alloys and Darken and Gurry’s 
physics, and chemistry, which are important to all Physical Chemistry of Metals 
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In most schools it is likely that the responsibility 
for teaching metallurgical the rmodynamics will fall 
ultimately in the metallurgy or metallurgical eng!- 
neering department. The undergraduate will fall 
ar short of mastering the whole philosophy of ther- 
modynamics, so it is well that his attention be 
directed at an early stage toward applications of 
thermodynamics to metallurgical systems If he 
acquires some familiarity w ith the First and Second 
Laws. a little skill in applying these laws to proc- 
esses in metallurgical systems, and a deeply rooted 
appreciation of the powe! of the thermodynamic 
method of tackling metallurgical problems the 


‘ 


course should be considered successful 

The traditional three-year sequence of freshman 
chemistry, analytical chemistry, and physical chem- 
istry which is now usually considered prerequisite 
to thermodynamics represents a serious and per- 
haps unnecessary delay to the introduction of ther- 
modynamics. As far as this author is concerned, 
the traditional chemistry sequence has outlived its 
usefulness, and it is time the chemists and the met- 
allurgists together worked out a new arrangement 


tr 
ul 


One sequence which seems worthy of careful con- 
tion is freshman chemistry, physical chem- 


sider: 
istry in the sophomore year, and a full year of 
metallurgical thermodynamics In the junior yea! 
However, it is doubtful that this arrangement will 
work out well if obtained merely by moving pres- 
ent junior courses in physical chemistry back one 
year, or by putting metallurgy sophomores into 
physical chemistry) with juniors from chemistry 
and chemical engineering 

Structure of Matter: A good case can be made for 
the thesis that the distinguishing mark of a met 
of structure and his 


al- 


lurgist is his understanding 
ability to interpret all manne! of problems in terms 


f structure. Crystallography, metallography, and 
X-ray metallography have long been cornerstones 


of metallurgy curricula Far-reaching develop- 


Oo 


ments have occurred in recent years and continue 
to occur, which demonstrate that the metallurgist 
must delve deeper and deeper into structure at all 
levels. Moreover, it has become clear that these 

lly 


studies should not be confined to the metallic state 


or even to the solid stat Liquid metals lags 
mattes, fused salts, glasses, minerals, and othe! 
classes of matter also have structures of interest to 


metallurgist. In view of the extensive growth 


‘ 
which has occurred in this field in large measure Dy 


accretion onto existing courses and curricula, the 
time ma be ripe for reorganization to obtain a 
‘re logical approach and perhaps also to intro- 


duce some new n aterial 


Structural concepts should form a continuous 
thread throughout the curr ulum. so that the stu- 
dent is led automatically into examining new sit- 
uations in terms of structure Moreover, a substan- 
tial start can be made early in the curriculum 
since these concepts do not require advanced math- 
ematical o1 physico-chem cal treatment The fact 
that the development of the present knowledge of 
atomic structure, chemical b nds, crystal structure 
and other structural concepts has involved di 
series of brilliant 


fficult 


and complex researches and a 


scientific discoveries should not mislead educators 
into thinking that the resulting structural theories 


too difficult for the undergraduats 


thems« lves are 
On the contrary, structure 1s 4 natural place to start 
the untrained mind because it can be seen, drawn 


on paper, and modeled, and does not require in- 
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itially, at least, the abstract thinking of calculus 01 


Accordingly, it 


of thermodynamics, for exampie 
seems entirely logical to give in the sophomore yea! 
a substantial one-year course COV ering atomic struc- 
ture, the periodic table chemical bonds, crystal 
structure (ionic crystals, silicates, and minerals as 
well as metals), crystal imperfections, structure of 
liquids and glasses, elementary theory of the metal- 
lic state, etc. Insofar as practicable, the emphasis 
should be placed on understanding what the struc- 
ture is and on its use to account fo! material prop- 
erties rather than on historical development or on 
experimental and theoretical proofs. Thus, the 
course might well be developed in the metallurgy 
department, as Elementary Structural Metallurgy, 
and might serve as the principal o1 only metallurgy 
subject in the sophomore yea! 

In the last two years of the metallurgical engi- 
neering curriculum, the structure theme inevitably 
will develop further in the student's mind as he 
undertakes the studies of metallography, constitu- 
tion of alloy systems, mec hanical behavior of metals, 
X-ray metallurgy, etc. because this theme already 
dominates these topics regardless of how they are 
arranged in separate courses 

Mechanics and Mechanical Behavior oJ Materials 
The necessity of training m« tallurgical engineers 1n 
the field of engineering mechanics needs no great 
amplification here Perhaps it is sufficient to note 
only that a metallurgical engineer must under - 
stand quantitatively the mechanical behavior of 
metals in machines and structures because the most 


important criteria o! netal and alloy worth are me- 
chanical properties under various conditions of use 

Before World War II, the required service courses 
in applied mechanics and strength of materials were 
not always regarded highly by metallurgy students 
However, during and since the war, @ number of 
important developments have occurred in the field 


f most conspicuously in the 


of mechanics of materials, 
portions of the field which are important to metal- 
lurgists. As a result, it may be time for mé¢ tallurgi- 
cal engineers to look for more advanced service 
courses which go into mechanics of materials more 
deeply than the courses taken by other engineers 
Rate Processes: Diffusion, nucleation, cry tal 
growth, solidification, precipitatior oxidation and 


rivying 


scaling, martensit\ reactions, carburizing nitrid 


galvanizing, desulphurization of liquid iron, gas evo- 


ix 


lution from liquid and solid metal here is just a 


partial listing of metallurgical processes which 4 


test the importance of a inified and generalized 


treatment of rates and mechanisms of metallurgica! 
reactions. The indicatior clear that the metal- 
lurgist of the future will have many new Oj portu 
nities to apply rate-process thinking to the solution 
of engineering problem Accordingly, consideration 
should now be given to the development of a basi 
course in this field, genera: e! uugh to serve all 


branches of metallurg) 


Fields of Metallurgical Engineering 


slurgy and metal! 


Undergraduate training in m« 


lurgical engineering, even though based on a cur- 
riculum with a high content of basic science must 
produce, in the final analy men who are engi- 
neers first and scientists second The minority of 


metallurgy students who eventually are to become 


metallurgical scientists in re earch laboratories and 


colleges will benefit from exposure to the engineer- 
ing point of view a undergraduates in any event 


In a broad sense, the various courses discussed in 
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IMustrative Metallurgical Engineering Curncelum 


There 


etal processing has been a tendency to 
handle metal processing as a shop course, stressing 
the art, and tw place the course early in the curricu- 
im before the student has acquired an appreciable 
Subject. Spring 

background in metallurgy science This point of 
view perhaps has some advantages in as far as stu- 
lent motivation is concerned, but seems q iestionable 
as a ba for advancing metallurgical engineering 
Another matter to be considered in curriculum 
planning that in the past much of the meat of 
metal processing has been given in other metallurgy 
inst especially traditional courses in physical 
metallurg The handling of heat treatment illus- 
trates th point. Heat treatment is a complex art 
ch draw yn scientific principles relating to 
tructure, equilibria, mechanics, rate processes, etc., 
leans heavily on engineering tests 
engineering use of empirical data 

and empirica semi-empirical correlations 
According a good case can be made for giving 
metal processing a larger and more vital role in the 
etallurgical engineering curriculum. Such a shift 
vould require raising the level of instruction, a new 
balance between science and art, incorporation o 


con 


and 


ousiy 
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Conclusion 


portant: just be- 
ractice 


ulum embodying 
Table I 


allot- 


a 


these rr 


nm are never concluded, SO 

erhat t appropriate to end this paper by quot- 

ga ef itement attributed to Dr. Raymond 
School, Pol c In- 
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Table | 
Subject. Pall 
J 
aterial emmsidered as part of physical 
. metallurs courses, HM an increased time allot- 
ment. A two-semester course of this kind in metal 
} ng, placed in the fourth year, would afford 
Metal- an excellent tunity for integrating scientific 
4 rinciple and engineering practice it the time 
wh illus- fore the student enters engineering 
f ‘ irse the eas discussed previously is 
: tal st (re. re No attempt made to show the detail of 1 | 
‘ ‘ ] ent lat at realt etc.. ince - 
the ‘ te lepend ve muct cal conditions 
} ' It should be emphasized again that the curricu- 
the f t et j ne angement wn not contemplated as a 
; ed e and the fact earrangement of already existing courses of the 
’ ea i e of ay ame name Rather, the final arrangement is asso- 
t i id ent ated with the substantial redistribution of the sub- 
at yt h er ha e the ect matt f metallurgy around four main themes 
i } t ‘ lered f met irgical science and, in the last two years 
{ equenct i seri of terminal and integrative engineering 
er ; stitute of Brooklyn Both the eacher and the 
taught must continually reorganize their knowledge 
‘ ind continually rephrase their own generalizations.” 
* a Discussion of this paper, if eny, will appear in 
JOURNAL OF METALS, November 1955, aad in AIME 
Metals Branch Transactions, Vol. 203, HH 
‘ L. von Bertalanffy y of Scrence in Scien- 
tiie Education. Scientific Monthly (1953) 77, No. 11 
B. Austiz Contribution of Thermodynamics to 
actual Metallur 11 Research and Operations. ASM Seminar 
unt ence R. Schuhmann, Jt The Unit Brocesses of Cher al 
that have to be Metallurg Tr AIME pp. 321-326 
t of these sciences ot JOURNAL OF MeTALs (May 1949) 
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Dofasco 
s & Steel Ltd 
The plant trip took place Monday 


i members studied 


with the 


AIME Bessemer Steel Committee Meets in Hamilton, Ontario, Canada 


N outstanding meeting in all re- 
spects was the general opinion of 
attending the AIME Bes- 
Steel Committee meeting 
5 in Hamilton, Ont., Can- 
ia. The meeting held at the Royal 
Connaught Hotel was attended by 


and was highlighted 


through the oxygen 


steelmaking process 
wholehearted cooper- 


A. B. Wilder, U. S. Stee! 
Corp. and Choirmon of 
the AIME Bessemer Stee! 
Committee, is shown with 
R. Atkinson, F. J 
McMulkin, ond DM 
McFarlane all of Dofas 
co's oxygen steelmaking 
plont 


cocktails and dinner. Tuesday the 
roundtable off-the-record technical 
discussions were held. After the 
meeting adjourned, members were 
invited to visit the plant of the Steel 


ation of Dofasco’s expert staff. At the 
McMulkin gave 


resume of the process and discussed 


bers. Afer lunch the group returned 
ved the oxygen 
(For a descrip- 
plant and the steel pro- 
Steel Produced at 


of Canada 
B. Wilder, Chairman of the 
Bessemer Steel Committee, was in 


to the plant and obser 


ng. He was assisted by Art 
Thornton, Chairman of the Iron and 
Committee, and F. J. McMul- 
who was Dofasco’s representa- 


tive to the group. 


(Dominion Found- 

F. J. McMulkin 

or Mera.s, April 1955, p. 530) 
Monday evening Dofasco was host 


Art Thornton, Chairman 


MAY 1955, 


of the arrangements of the 


of the Iron and Stee! Div 
AIME, talks with H.W 
Groham, Wolther Mo 
thesws, and G M. Mc 
Morren who ore among 
the first orgonizers of 
the AIME Bessemer Stee! 
Committee 
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xygen 
hand to the members of the committee at Po . 


The AIME Advisory Committee to 


the eta re iv. of the National 

Bureau f Standard j one of 12 

tituted committees es- 

provide a direct connec- 

t the National Bureau of 

tandard nd the organized scienc« 
ind technology of the U.S 


These mimittee were set up ir 
1954 on the recommendation of an- 
ther ommittee appointed earlier 

Secret Commerce Sinclair 


of the 


Bureau of Standards. The member 


tr co ittees repre- 
ent t te 4 cret which 
nha ippointed then ind interpret 
t p w witf! re pect te the 
jureau | gram. In addition, thes« 

tte are assistance to their 


Progress Report of AIME Advisory Committee to Bureau of Standards 


Members of the Advisory Committee to the metallurgy div., 
Standards attended the meeting held in Chicago during the AIME Annual Meeting 
Left to right, C. E. Sims, E. C. Smith, E. Schumacher, C. S. Smith, and W. A. Deon 


p | issing probiern 
The AIME Advisory ‘¢ mittee 
ws met tu with Bureau person- 
‘ at W na agai luring 
t+ A M gat Cl 


Spokane Section 


Hears Talk on Uranium 


Pa Franklin, Jr f Merrill 
x Fer.ne x ine it- 
at 
et? 
nt 
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e to G rr 
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He 
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became acquainted with the division 


personnel, its projects and probleims 
At the present time the committee is 
giving consideration to the program 
and the objectives toward which the 


tals of copper, silver, and alumi- 


The effects of ull amounts of 
puritie were aiso discussed 
Excellent illustrative material con- 

isting of diagrams and photomicro- 
graphs was used t learly show the 
A highly nformative discussion 


period followed the talk 


Magnetism Conference 
To Be Held in June 


The AIME, American Physical 
Institute of 
will participate in a sym- 
be held by the magnetics 
ibcommittee of the Basic Science 
Con ttee of AIEE. The conference 
% be held June 14 to 16 at the Wil 
lian Pittsburgh. Pres- 
ginal and review 


Society ind Carnegi 


DIRECTORY 

A nev ll-Institute irectory 
amt need t Marct 
Mer ‘ ma Otain a 

py of the directory without 
t ending in the coupon 

wi ippeared on p. 492, 
M h 1955, JouRNAL oF Mert- 
ALS Please use the coupon 
Will serve a a label 


Notional! Bureau of 


The committee has enjoyed the 
fullest of cooperation from A. V 
Astin, director of the Bureau, J. G 
Thompson, chief of the metallurgy 
div., and all other Bureau personnel 
with whom it has come in contact 


papers will be held on two or more 
days and organized trips to com 
panies and institutions in the Pitts 
burgh area also are planned. Con 
panies will be encouraged to have 
exhibits of apparatus of interest to 
those in attendance. Time will be 
reserved for informal discussion 

Programs containing abstracts of 
the talks will be distributed before 
the meeting. Abstracts of 200 to 500 
words are to be sent to R. M 
Bozorth, Bell Telephone Labora 
tories, Murray Hill, N. J. The meet 
ing is open to all interested and pub 
lication of the complete proceedings 

planned 

The program committee consists 
of: J. E. Goldman, J. F. Libsch, W. H 
Meiklejohn, J. A. Osborn, C. Zener 
and R. M. Bozorth. Local arrange 
ments are in charge of A. C. Beilez 


EUROPEAN MEETING—ISD MAY 
DINNER 


There ore still several places available 
tor conferees to the Joint Metallurgi 
cal Societies Meeting to be held in 
Europe this June. See p. 491, March 
1955, JOURNAL OF METALS. If in 
terested, write Ernest Kirkendall, Sec 
retary, AIME, immedictely. Because 
of this meeting, the Moy dinner of the 
Iron and Steel Div. normally held in 
New York during the AIS! annual 
meeting has been concelled 


Sept. 15, 1955 is the deadline for the Institute of Metals Div. papers for the 1956 
New York Annual Meeting and the deadline for all Irom & Steel Div., and Extractive 
Metallurgy Div. papers to be preprinted. Papers received by this deadline but re 
quiring revision may not be processed in time to permit scheduling for this meeting 


‘ 
ps 
| 
Att P ‘ the rr tee Givision mignt work 
T? M Meta Branches 
j jent ‘ ip ad irned 
if eu talk 
S Frol 
nye. flot gineer. St. Lawrenc« 
F DR f the RCA Labora 
etor N J spoke 


ersonals 


William R. Bend is vice president, 
operations, Woodward Iron Co., 
Woodward, Ala. Mr. Bond had been 
associated with the Lone Star Steel 
Co., Lone Star, Texas 

Henry Epstein has joined the research 
dept., Bethlehem Steel Co., Bethle- 
hem, Pa 


Adolph E. Palty formerly of the 


Kenneth A. DeLonge has been placed 
in charge of the iron and nonfer- 
rous castings section, development 
and research div., International 
Nickel Co., Inc 


Charles B. Tillson, Jr., has been ap 
pointed general superintendent of 
the Crucible Co. of America mine at 
Crucible, Pa. Mr. Tillson was mine 


chemical engineering dept.. New superintendent since 1953. A. VY. 7 
York University, New York, has Faull was named mine superinten- 
oined the SAE dept., General Elec- dent, U. P. Rembold was appointed 
tric Co., West Lynn, Mass superintendent, coal preparation, : 
and Earl N. Burnham was named - 
Carl J. Forkum has been transferred general foreman, coal preparation é 
to the Columbia Geneva steel div., os, 


U. S. Steel Corp., Provo, Utah, as 
assistant to the division superinten- 


Howard M. Dess joined the staff of 
Electro Metallurgical Co., metals re- 
search laboratories as senior re- 


dent, open hearth and foundry. Mr 
Forkum had been assistant division P. T. STROUP search assistant in the engineering - 
uperintendent, steel works, for the researc ) 
1 & Wire div., Worces- Philip T. Stroup and Ernest C. Hart- 
ter, Mass mann have been appointed assistant 0. A. Pfaff, president and general e 
directors of research by the Alumi- manager of the American Wheela in 
Eric Kula is associated with the num Co. of America at the research brator & Equipment Corp., Misha : 
Watertown Arsenal Laboratory, Wa- laboratories, New Kensington, Pa. waka, Ind., was elected to the board 
tertown, Mass Harry N. Hill succeeds Mr. Hart- of directors of the Bell Aircraft Corp., 
Delwin D. Blue has been appointed = of de- Buffalo, N. Y. 
sief of the eau of mines electro- sign div en S. Russell replaces ? 
Dr. Stroup as chief of the process Anton deSales Brasunas, associate 
Citv, Nev. He succeeds Frank S. metallurgy div. Luther M. Foster has professor of metallurgical engineer 
Wartman who is entering into pri- been named chief of the physical ing, University of Tennessee, has 
vate industry. Mr. Blue has had 13 chemistry div. Dr. Stroup is a mem been appointed to the newly created a 
years of experience with the bureau ber of the AIME Metals Branch post of direc tor of educational activ oe 
in light. metals research. He will Council ities for ASM 7 
direct experimental work on metals Hugh C. Land will succeed William E. Paul Lange, assistant secretary of - 
as titanium and manganese P. Drake as head of the industrial Engineers Joint Council, has become Fe 
Roger M. Ferryman, formerly associ- chemicals div., Pennsylvania Salt secretary. He succeeds Brig. Gen. 8. 7 
ated with Horizons, Inc., Cleveland, Mfg. Co. Mr. Drake was named ex- E. Reimel, USA (Ret.). Prior to join : 
has been named production manager ecutive vice president ing EJC had a 
gineer with ennant Sons & Co., 
of the Me talphoto Cc orp Cleveland John F. Tyrrell was appointed senior New York : 
Walter J. Barrett has been announced associate editor Metals Progress. For re 
as president of the United Engineer- the past four years Mr. Tyrrell has William L. Walsh has been appointed - 
ing Trustees, Inc Mr. Barrett is been an advertising representative assistant to the president, Kennecott 7 
electrical coordination engineer, N. J ? Copper Corp. His duties will be in eS 
Bell Telephone Co., Newark, N. J Robert A. Willey has been named the titanium field 4 
He has been a member of the Board assistant technical and research 2 
of Trustees of UET for four vears. director for the Steel Founders’ Soci Augustus B. Kinzel, director of re a 
serving as vice president and on ety of America, Cleveland. Mr. Wil sear h for the Union Carbide & Car be 
various committees. Mr. Barrett rep- ley had been chief metallurgist for bon Corp., received the International - 
resents the AIEE on the board and is the Commercial Steel Casting Co., Acetylene Assn. Morehead Award Re 
treasurer and a director of AIEE. He Marion, Ohio Dr. Kinzel was cited for his contri _ 
is also a director of the Engineers butions to the use of acetylene. Dr — 
Joint Council Kinzel is a Vice President of AIME ns 
William P. Saunders, formerly re- J. O. Brittain has joined the staff of : 
earch and development engineer, the dept. of metallurgy, Technologi 
Dow Chemical Co., Midland, Mich., cal Institute of the Northwesterr v 
now laboratory division leader at University, Evanston, Ill. He had 
the Madison, Ill. plant of the com- been a research associate at the ? 
pany School of Mines, Columbia Univer s 
A. Eugene Schubert has been named sity, New York . 
inager, engineering, General Elec- L. C. Duncan was appointed general ' 
tric Co., chemical materials dept. manager of American Cyanamid A 
Pittsfield, Mass Co.'s Lederle Laboratories div. V. E. s 
A. Craig Hood and George E. Clauser Atkins was named general manager : 
have joined the technical div., Super- of the organic chemicals div = 
ior Tube Co., Norristown, Pa Anson B. Albree has joined Alumi one 
Hamnett P. Munger has been named num Foils, Inc., Jackson, Tenn., as re 
a technical advisor at Battelle Me- sales manager. He had been associ a 


ated with Rolled Alloys, Inc., De 
troit, Mich. 


morial Institute. He has been on the 
staff at Battelle since 1948 


R A WILLEY 
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Eimer Judson Tompkins (Member 
4e lied during August 1954. He 
ike City, lowa and at 


State and the Univer 


Ir he wa as 

ted with the Illinois Steel Co 

a . Fr 1924 to 1929 he 
ted with the LaSalle 
( Har nd, Ind. He then 
. i the Central Steel & Wire Co., 

{ t e time of his death 
M ] DK : esiding at Sko 
Ray G. Gibson (Member 1945) died 
Oct f 54. Mr. Git mn had beer 
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FIRST die forging press in the Air Force Heavy 
Press Program — 35,000-ton capacity. Now 
in operation and capable of producing forg- 
ings larger than heretofore attempted. Again, 
as from the beginning of the aviation age, 
Wyman-Gordon pioneers in scientific advance. 


WYMAN-GORDON Co. 


Established 1883 
FORGINGS OF ALUMINUM « MAGNESIUM 
STEEL TITANIUM 
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ed | | 


PRODUCTS 
US IMPROVE STEEL MAKING 
* FROM CHARGE TO FINISHED INGOT 


The United States Graphite Company has served the steel 
industry for a half century with products to improve steel 
making from the furnace to the finished ingot. Our engineer- “ 
ing service and laboratories are constantly working on new - 
products to solve your steel production problems. The products 
listed here are a few of the most popular and widely used — 
why not investigate them — they can cut your costs. 


R E C A R B . Xo (engineering bulletin +11) 
insures carbon specifications 


RECARB-X is ideal for off-carbon heats. A fifty pound bag 
per 100-tons of steel will raise carbon two points when added 
to the ladle. RECARB-X dissolves quietly, gives uniform, 
dependable carbon recovery at all carbon levels. There are 
grades of RECARB-X for the furnace charge. 


M E X C A Ne M 0 LD WA § H E § (engineering bulletin =15) 
for better ingot surfaces 


For as little as 44c per ingot ton, you can insure quicker, easier 
mold stripping with MEXICAN Ingot Mold Washes. MEX 
and 90-B can be applied at any temperature and are easy to 
prepare and use. Where a high volatile “gas kick” is needed, 
VOLMEX or XF-81 will supply the answer. For an inert, non- 
carbonaceous mineral coating, XF-88 will do the job. 


M E X A T 0 Pa (engineering bulletin +5) 
MEXATOP is a powder compound which spreads easily over 
molten ingot heads and casting risers. A 5%” layer over the 


molten surface works effectively to prevent cavitation and 
insure sounder castings. 


Write for Engineering Bulletins describing these products. 
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A survey of the effect of heat treatment on the room temperature hardness of Fe-Mo 
alloys has been made. Constant strain rate tensile tests were performed between room 
temperature and 1800°F. These data were analyzed to determine the effect of tempera- 
ture and composition on the strain hardening coefficient and strain rate sensitivity. Con- 
stant load creep-rupture tests were made on these alloys and the results related to com- 
position and structure. A relation between the high temperature strength of the precipi- 
tation hardened alloys and the volume of precipitate has been observed. 


if view of the extensive use of ferritic materials 
at elevated temperatures, it is surprising to note 
the limited amount of information relating the vari- 
ables of plastic deformation, Le., composition, struc- 
ture, temperature, stress, strain, and strain rate 
H 


variables of plastic flow might be treated analyt- 


ollomon and Lubahn’ showed how the several 


ically. No data were available on carbon-free iron 
and its alloys in a form suitable for this analysis 
Several German investigations” constitute most ol 
the experimental work relating high temperature 
properties to the constitution of these types of mate- 


rials 

In order to obtain new data, the iron-rich alloy 
of the Fe-Mo system were selected for detailed in- 
vestigation for the following reasons: 1—-Some of 


the important effects of molybdenum on the mechan- 


ical properties of iron have already been studied 


2—By suitable heat treatment of selected alloys, 


it is possible to study strengthening effects of four 
types A y-a transformation B—substitutional, 


C—precipitation, and D—dispersion of hard inter- 


metallic compound 


Materials and Treatment 


Four-pound ingots were vacuum czst, employing 


the same melting schedule previously used.” The 
raw materials were electrolytic iron and lamp-grade 
vbdenum. The ingots were forged to % in. sq 
rod and one portion swaged to 0.350 in. diam rod 
for the production of 115/16 in. long button-head 


S F. REITER, Junior Member AIME, formerly associoted with 
Research Laboratory, General Electric Co., is Technical Manager, 
Rome Fastener Corp, New Haven, Conn., and W. R HIBBARD, JR. 
Member AIME. is associated with Metallurgy Research Dept, Re 
search Laborotory, General Electric Co., Schenectady 

Discussion of this paper, TP 3987E, may be sent, 2 copies, to 
AIME by July 1, 1955. Manuscript, Aug. 2, 1954. Chicago Meet 
ing, February 1955 
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specimens. The button-head specimen blanks were 
solution treated for 16 hr at 2100°F in hydrogen of 

70°C dewpoint and then water quenched. They 
were subsequently plunge ground to the standard 
0.160 in. diam test bar.’ Micrographs of the solution 
treated alloys are given in Fig la through Id. The 
higher molybdenum alloys contained large equiaxed 


ferrite crystals similar to those in Fig. ld 


Table |. Chemical Composition of the Fe-Mo Binary Alloys 


Meo ‘ si Mn s r 
0 0.00 01 ox 2 
1.09 oO 2 
‘ 0 OOF o2 
4.32 004 02 4 

74 004 2 . 
4 2 002 

69 004 

7 0.004 2 

».902 2 2 ‘ 
slight trace ese wa ‘ 

The phosph« u ntents were is ‘ ge 2 


A portion of the 4% in. rod was hot rolled to 0.100 
in., sandblasted, and cold rolled to 0.020 in Strip 
tensile specimens having a 0.020x0.200 in. cross- 
section and a 2.25 in. gage length were machined 
from the sheet. The alloys containing molybdenun 
were subsequently annealed 1 hr at 1560°F. The 
hy 


iron strip was annealed 4 hr at 1300 hy- 
drogen. The resultant structures are shown in Fig 
2a through h. The ASTM grain sizes were 1 to 3 
as solution heat treated or 3 to 4 as annealed 

The chemical analyses of the alloys are given in 
Table I. Carbon contents were obtained after the 
heat treatments in hydrogen. Alloy 15.9 pct Mo was 
tested as a cast alloy 
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High Temperature Properties of Iron-Rich Fe-Mo Alloys - 

by S. F. Reiter and W. R. Hibbard, Jr 7 

fe 


nt oe 
o—tron b—1.09 pct Mo ¢—2.06 pct Mo d—4 pct Mo 


x 


Fig. |—Fe-Mo alloys in the solution heat-treated condition. Heat treated ot 2100°F for 16 hr, water quenched. Etched with nital. X100 
Area reduced approximately 50 pct for reproduction 


These compositions transform f 
i ter quenched, producing an ir 
martensitic-type structure When heated above 
Equipment 1000°F, the alloys soften rapidly. At 1800°F, iron 
sae 1.09, and 2.06 pct Mo have the y structure, so that 


“7 hing from this temperature and from 2000°F 
J iaV > rT 


the hardness as a result of martensitic- 
sformation 
characteristic hardness temperature 
t Mo. This alloy undergoes 
oom temperature and its 
an n Significant change in room 
hardness occurs as a result of heating 
5.74 pet Mo has essentially the same 
nperature behavior. However, at 1200°F, 
precipitates a very small amount of « 
yur f precipitation is not large 
juce appreciable hardening 
of curve is displayed by 8.75, 10.69, 
an Mo. At 1200°F, measurable precipi- 
Hardness Survey tion hardening occurs The hardening effect is 
ated to 2100°F i : n, heia reater the larger the molybdenum content 
and n 
itution diagram 
yn reactions are shown 


hardeners 


Tensile Data 
n Plots: T true stress- 


1 the Fe-Mo 
pet Mo an 


necled | hr at 


1560°F 


d—4.32 pct Mo an 
neoled | hr at 


1560°F 


t—8.75 pct Mo an 
nealed 1 hr ot 


h—15.70 pct Mo an 
nealed =! hr at 
1560°F 


Fig. 2—Fe-Mo alloys in the annealed condition after 80 pct cold work. Etched with nital. 
X100. Aree reduced opproximetely 50 pct for reproduction 
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Fig. 3—Aging studies of Fe-Mo alloys 
alloys. They were tested after a water quench from 


2100°F and at a strain rate of 0.09 min The sam- 
ples were 0.160 in. diam rods, except for 15.70 pct Mo, 
which was tested as 0.020x0.200 in. strip. This alloy 
cracked during swaging so that no bar stock was 
available 

In Fig. 5, the ultimate tensile strengths at the sev- 
eral testing temperatures are shown as a function 
of composition for the solution treated alloys. Data 
for stress at constant strain values as a function of 
composition resulted in plots essentially similar to 
those in Fig. 5 

The interesting feature of Fig. 5 is a maximum In 
strength which is apparent at about 2 pct Mo for the 
allovs tested at room temperature and 1000°F. This 
peak is associated with the transformation harden- 
ing reaction. At higher testing temperatures, trans- 
formation hardening is not effective. The iron and 
1.09 pct Mo alloys are stronger in the face-centered- 
cubic structure at 1800°F than they are at 1600°F 
in the body-centered-cubic form. Another interest- 
ing feature of Fig. 5 is the increase in tensile strength 


at 1400° and 1600°F in alloys that precipitate a sig- 
Z 


Fig. 4—A portion of the Fe-Mo constitution diagram and the 
maximum and minimum hardness dota 


TRANSACTIONS 


90 
ALL SAMPLES SOLUTION MEAT TREATED 


a 
= 
: 
4 
~ 
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Fig. 5—The effect of temperature on the tensile strength of 
Fe-Mo alloys tested in the solution heat-treated condition 


nificant amount of « phase during the tensile test 

True stress-true plast c strain plots were also de- 
termined for the Fe-Mo alloys tested in the annealed 
condition at a strain rate of 0.09 min In all cases, 
the test samples are 0.020x0.200 in. strip. Fig. 6 
in the an- 


gives the tensile strengths of these alloys 


nealed condition as a function of composition. Data Pe) 
for stress at constant amounts of plastic strain pro- i 
duced similar plots. Alloys with more than 5.74 pct tee 
Mo contain some e«, and a significant increase in ob 
their strength results from the dispersed phase. The a 
curves are shown dotted connecting 10.69 and 15.70 * 
pet Mo because the condition or dispersion of the in 
second phase is not constant for these materials 2 
an~ 


PERCENT 


Fig. 6—The effect of temperature on the tensile strength of 
Fe-Mo alloys tested in the annealed condition 
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WEIGHT 


PERCENT Mo 


Fig. 9—Effect of temperature on the strain rote sensitivity, n, 
of Fe-Mo alloys. The values given with the data points are the 
true plastic strain, «, at the rate change 


Table I, not to the molybdenum content. (For exam- 
ple, the 2.06 pct Mo alloy containing 0.006 pct C 
had the most prominent yield point.) The alloys 

76 and 10.69 pct Mo were annealed at 
a temperature where Fe,Mo, was precipitated. These 
alloys had no yield points at 


ainin g 6 


room temperature, 


probably because the carbon was partitioned from 
the solid solution and dissolved in the intermetallic 
compound. These results are also consistent with 
the results of Edwards, Phillips, and Jones,” who 
found that the presence of molybdenum in solid 

lution does not counteract the effects of carbon in 


causing yield points in iron 


Strain Hardening 


The true stress-true plastic 
strain data for the alloys in the solution heat treated 
and annealed conditions were plotted on logarithmic 
coordinates. These plots result in straight lines for 
the majority of the alloys tested and can be inter- 


preted in terms of the expression given by Hollomon 
and Lubahn 


[1] 


where o and « are the true stress and true plastic 
strain, respectively, K, is a constant, and m is the 
strain hardening exponent. The strain rate, ¢, and 
temperature, T, were constant for these tests 
Fig. 7 shows the effect of temperature on the strain 
hardening exponent for alloys in the solution heat 
treated condition. At room temperature, m decreases 
with increasing : However, at 1000 
and 1200°F, age hardening alloys are associated with 
strain hardening exponents. The 
pure iron samy| le tested at 1400°F had a very small 
m value which may be the result of recovery. Tensile 
yn the alloy series at 1600°F yielded 
m values close to zero and are not plotted. At 
1800°F, the large values of m for the iron and 1.09 
pet Mo alloys are believed to be the result of the 


content 


essentially constant 


tests performed 


face-centered-cubic structure 
In Fig. 8. m values are shown for the alloys tested 
in the annealed condition. At room temperature up 
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Fig. 11—Stress vs minimum creep rate of 
Fe-Mo alloys quenched from 2100°F. 


to 1400°F, there is a decrease in the strain harden- 
ing exponent value with increasing molybdenum 
content similar to that observed by French and 
Hibbard in copper alloys.” At 1600°F, the m value 
falls off to zero at 2 pct Mo but rises again in alloys 
containing more than 8 pct Mo. This rise is believed 
to be related to the contribution of dispersion hard- 
ening. At 1800°F, only the two face-centered-cubic 
materials displayed significantly large strain hard- 
ening exponents 

Effect of Strain Rate: During many of the tensile 
tests previously described, the strain rate was de- 
creased by a factor of ten after the maximum load 
had been reached. The strain rate sensitivity given 
as the exponent in Eq. 2 was calculated, and the 
results are shown in Fig. 9 


o = [2] 


K. is a material constant and the strain, «, and 
temperature, T, are also invariant Also shown in 
Fig. 9 are the values of strain at which the rate was 
changed. There is significant increase in the rate sen- 
sitivity with increasing temperature above 1000°F 
At this time, the shape of the curves cannot be 
rationalized possibly because of the experimental 
variation in strain, « 
Tensile Tests in Vacuum 

The 1800°F tensile data for pure iron showed 
irregularities. Tensile tests were run on 0.160 in 
diam iron samples in vacuum for purposes of com- 
parison. In Fig. 10, the nominal stress-nominal 
plastic strain curve for specimens tested in air 


x 10°35 Psi 


STRESS 


NOMINAL 


NOM INA 


Fig. 10-—Comparison of tensile tests of pure iron ot 1800°F in 
cir ond in vocuum 
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(curve a) may be compared with the test run in 
vacuum under similar strain rate conditions (curve 
b) and at slower strain rates (curves c and d). The 
maxima appeared at essentially the same strain 
values and therefore are believed to be a manifes- 
tation of a strain-dependent softening reaction at 
this temperature. The tests at lower strain rates 
(shown by curves c and d) exhibit smaller load 
values, indicating a relatively large strain rate sen- 
sitivity at this temperature. Localized necking had 
started in several locations in each of these speci- 
mens. The final grain size in the necked areas was 
essentially similar to that in the rest of the gage 
length 
Creep and Rupture Dato 

All of the creep-rupture tests were performed at 
1200°F. Since all of the creep tests were taken to 
rupture, an inversion point with respect to creep 
rate was observed. This minimum creep rate is 
shown plotted in Fig. 11 as a function of initial 
stress. The maximum load in a tensile test is shown 
plotted against the strain rate for the tests in air 
at 1200°F. The maximum load stress was selected 
because it is considered to be analogous to the con- 
ditions reflecting minimum creep rate in a creep 
test. The straight line connecting the creep data 
intersects the tensile data in this plot for the alloys 
that do not exhibit particularly strong aging re- 
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Fig. 12—Effect of composition on the stress to produce 0.1, 
0.5, and 1.0 pct creep strain and rupture in Fe-Mo alloys ot 
1200°F. Nisbet dato from ref 7 
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Porametric plots including tensile and rupture doto 


ens 


annealed 


end trengie 


c—2.06 pct Mo 


t—8.75 pct Mo 


h—15.70 pct Mo 15.9 pct Mo. The two specimens (closed 
circle, triengle) tensile and rupture solution 


rupture solution heat treatment 


t e. 1.0. 0.5 


t 1200°F. The 
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heot trected were tested im oir 


In each plot, closed circle represents tensile solution heat treatment 


Parameter Plots 
The rupture and tensile data previously rep« 
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o—Iron b—1.09 pct Mo 
> . 
a 
3 
‘ 
pct M e—5.74 pct Mo 
4 » . 
5 
» 
i 
, ‘ the two high molybdenum alloys, the knee in the rupture curve at 2 pct Mo is believed to 
bet +? ter ‘ t t} f the olu be related to the strengthening effect produced Dy 
' i and ‘ i ‘ net transformation hardening. This effect is more pro- 
t t were ob nounced with increasing strain. The most signifi- 
‘ nlotted t time for rup- cant effects of composition on strength occur in the 
of 05 net eep strain. range of compositions involving precipitation hard- 
01 pet i Fis 
100 hr rted 
and 0.1 pct creep strain in LUO ri 


are assembled in a series of plots in Figs. 13a to 13f, 


wherein temperature and time are combined ac- 
cording to the Larson-Miller” parameter expression 


P,, = T(20 + log t)10° [3] 


where T is test temperature in degrees Rankine and 
t the duration of the test in hours A rather large 
difference between the rupture and tensile data for 
iron is shown in Fig. 13a. This difference is be- 
lieved to be due to precipitation of FeO* during the 
1200°F creep-rupture tests and the accompanying 
loss of ductility, which greatly reduced the rupture 
life. The temperature of the phase change for a 
tensile test is indicated by a vertical dashed line in 
this plot and also in Fig 13b for 1.09 pct Mo. From 
Fig. 13c, 2.06 pct Mo is strengthened by the mar- 
tensite transformation more than iron and 1.09 pct 
Mo alloys. The rupture data fall on the same line 
as the solution heat treated tensile data. Alloy 4.32 
pet Mo (Fig. 13d) undergoes no phase change dur- 
ing heat treatment and there 1s good agreement be- 
tween the rupture and tensile data for both heat 
treatments. The same agreement 1s found for 5.74 
pct Mo, shown in F 13e. since the amount of « 
precipitated in long-time tests at 1200°F is ex- 
tremely small. For the highe molybdenum alloys, 
Fig. 13f illustrates the large strengthening due to 
precipitation hardening at higher testing tempera~ 
tures (solution heat treated) ar d of dispersion hard- 


ening at lower testing temperatures (annealed). The 


difference is believed to be of degree rather than 


kind. ie., the alloy previously solution treated pre- 

cipitates a very fine dispersion, while the annealed 

materials have large coarse particles in thei 
tructure 

Discussion 

The linear logarithmic creep-rupture plots similar 

to Fig. 11 suggest the following rejati nship be- 

the t, for a pre- 


tween initial stress, S and the time, 


determined amount of creep 


S = Kyt 


where the creep strain, «, and the test temperature, 
T. are constant, and K, and n are mate! ial constants 


Eq. 4 follows from Eq. 2, since at constant stress « 


proportional to 1/t Eq. 4 can also be written in 


the form 


KS [5] 


Values of n’ have been determined graphically and 
the values tabulated in Table Il. It is interesting 
to note that 
than the rate sensitivity, ™, which was determined 
from tensile data by the use of Eq. 2. Alloys 1.09 
29.06. and 4.32 pct Mo show a smaller slope (An 1s 


the n’ values are consistently larger 


negative) with increasing amounts of creep, Le 
they are becoming more stress sensitive with in- 


ng amounts of creep. These alloys are 


creas! tem- 
pered oO! softened in the conventional sense at 
1200°F. Alloys 5.74. 8.75, and 10.69 pct Mo, the 
age hardening alloys, displa) increasing sl 

positive) with increasing amounts 0 
these alloys are becoming less stress sé 
Iron. when tested at 1200°F. 
hows a behavior with re gard to An’ similar to that 
age hardening high molybdenum alloys prob- 

te thought to be Feo” 


f creep, Le 


nsitive at 


larger creep strains 


of the 
ablv due to a precipita 
The relative effectiveness of solution and pre- 


may be esti- 


cipitation hardening in Fe-Mo alloys 0 
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mated from Fig. 12. At 1200°F, the maximum 
amount of solution strengthening at the solid solu- 
bility limit of 5 pet Mo in tron results in a 100 hr 
rupture strength of 10,500 psi. By the dispersion of 
a stable intermetallic compound, three to five times 
the rupture strength of the saturated solution may 
be obtained. 


Table 11. Comparison for n° and n for Solution Heat-Treated Fe-Mo 
Alloys Tested at 1200°F 


Rate 
Sensitivity from 


n’, Negative Slope of 
Tensile Tests 


Leg Stress-Log Time Piet 


Strain 
wt Creep, In. per In at Rate 
Pet Change 
Me 0.001 0 005 ool Pet \n n In. per In 
{ 0.083 0.111 19 
1.08 oe 0.090 0.085 18 0 062 30 
2.06 101 0.092 0.084 17 0.078 ol 
42 0.075 0.21 
5.74 0.074 0 083 2 
8.75 0.061 0 088 28 
10.69 0.072 0.085 2 0.02 om 


The increase in creep and rupture strength due to 
precipitate hardening 1s } lotted in Fig. 14 as a func- 
tion of the equilibrium volume fraction of Fe,Mo, 
calculated from the stoichiometric composition and 
assumed densities of a and «, 7.9 and 9.0, respec- 
tively.” A line of slope 1.5 in Fig. 14 1s in fair agree- 
ment with the rupture data 

On the basis of dislocation theory, Fisher, Hart, 

v™ described the increment in tensile flow 
stress, So, in this way 
so = Kf(r)f [6] 
where k is a constant, f(r) is a function of the par- 
ticle radius, and f the volume fraction The rupture 
data indicate a correlation between the contribu- 
tion of hard particles to rupture strength and to 
increased flow stress in tensile tests It is assumed 
that the effective particle radii were sufficiently 
eonstant to conform to this relationship The par- 
ticles measured at X500 ar approximately 0.1 
micron in diameter 


In the present study, three of the conditions of 


/ 
Fig. 14—Increase 4 
rupture ond creep 
strengths over the 
caturated solid solu- 4. 
tion plotted against 
volume fraction 
Fe Mo. 4 
ot 
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Hollomon 


perature behavior in the three preceding plots. In 


Fig. 16 the temperature dependence of the strain 
hardening exponent appears to increase with in- 
creasing alloy content. Similarly, in Fig. 17, the 


train rate sensitivity’s temperature dependence 
increases with molybdenum content 

In Fig. 18, the strain hardening exponent is re- 
lated to the yield stress at constant temperature 
values for the solution strengthened alloys in the 
condition. The slope appears to increase 
mn a regular manner as the testing temperature is 
increased 


annealed 


Alloying Principles 

have contended that, in 
the low alloy area of the phase diagram, maximum 
high and low temperature strengthening is achieved 


Previous investigators 


yuenching from a saturated solution of austenite 
This effect is strongly and temperature de- 
pendent. The (Fig. 5) for quenched 
alloys show that the relative contribution of trans- 
ation hardening decreases from a maximum at 
zero at 1400°F 

dependence of 


time 


tensile data 


The 


ation hardening 


temperature to essentially 


and time 


temper 


trans- 


is also illustrated in the para- 


eter plots given in Figs. 13a, b, and c. The strengths 
f quenched samples approach those of annealed 
iterial at parameter values that increase with in- 
‘ ng molybdenum content. This effect may be 
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Fig. 17—Strain rate sensitivity vs absolute temperature 
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Fig 18—Stroin hardening exponent vs yield stress 
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related to 1—the increase in transformation tem- 
perature, and 2—increased stability of the ferrite 
grain boundaries with increasing alloy content. 

As shown in Figs. 5, 6, and 12, a fine and rela- 
tively stable dispersion is a much more potent 
strengthening factor at high temperatures than is 
solution or transformation strengthening. This find- 
ing is in accord with the fact that currently avail- 
able high temperature ferritic alloys contain a fine 
dispersion of alloy carbides 

In agreement with Nisbet and Hibbard," an allo- 
tropy-free material and one of very low precipita- 
tion hardening potential give single-line parametric 
strength curves (Figs. 13d and e), regardless of heat 
treatment. Alloys that contain a fine dispersion of 
a precipitate show marked superiority in strength 
at high temperatures over the annealed or overaged 
structures (Fig. 13f) 


Summary 

1—A survey of the effect of heat treatment on the 
room temperature hardness of Fe-Mo alloys has 
been made, and the results have been related to the 
constitution diagram 

2—Constant strain rate tensile tests on polycrys- 
talline electrolytic iron and its alloys with molyb- 
denum have been performed between room tem- 
perature and 1800°F. The data were analyzed as 
true stress-true strain plots and also as plots of 
tensile strength at several temperatures which may 
be related to the constitution diagram. The effects 
of temperature and composition on the strain hard- 
ening exponent and strain rate sensitivity were de- 
termined 

3—Constant load creep-rupture tests were per- 
formed and the results related to composition and 
structure. A relation between the high temperature 
strength of the precipitation hardened alloys and 
the volume of precipitate has been observed 

4—-Support for the concept of a mechanical equa- 
tion of state was obtained. The influence of alloying 
on some of the parameters of the equation of state 
has been demonstrated 
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Viscous Flow of Copper at High Temperatures 


Changes in length of copper foils of varying thickness and grain size were measured under such 
conditions of low stress and high temperature that it is believed that creep was predominately the 
result of interboundary diffusion of the type recently discussed by Conyers Herring. The surface tension 
of copper was calculated and results confirmed previous work within the limits of experimental error 
Under the assumption of viscous flow, viscosities were calculated as a function of temperature and 
grain size. Predictions of the Nabarro-Herring theory of surface grain boundary flow were borne out 
tully and the Herring theory of diffusional viscosity is strongly supported. 
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formly along the length of the specimen and also 
that it flows in a viscous fashion, i.e., that strain rates 
are proportional to stress. For an amorphous mate- 


rial, such as glass, tar, or pitch, the assumptions are 


quite valid and good agreement is with 
values of surface tension measured by other tech- 
niques The value re ported for metals, however, are 
cca nally regarded with misgiving, since it can 
be argued that, becaus« f the crystaliine nature 
true lids can not deform in a viscous fashicn. If 
th true, then the results reported fo: i metals 
ver a long period of years are of only doubtful 
aiue 


Thus it is clearly necessary that a mechanism be 
hed that would explain both the viscous flow 
and the uniform deformation that has been assumed 
Such a mechanism has been preposed by Herring 
that, under the conditions of the 
<periment, deformation takes place by means of a 
flow of vacancies between grain boundaries and sur- 
faces. This is a direct but independent extension of 


the theory proposed by Nabarro”™ in an attempt to 
explain the microcreep observed by Chalmers.* 
Ir condensed form the Herring viscosity equa- 


TRL 


D 


where » is the viscosity, T the absolute temperature, 
R and L grain dimensions, and D the self-diffusion 
coefficient. In its complete form, all constants are 
calculable and it includes such factors as grain shape, 


ecimen sh e, and degree of grain boundary flow 


1 sha 
When applied to existing data, good agreement was 
obtained between predicted and observed flow rates 

The theory received provisional confirmation from 
the work of Buttner, Funk, and Udin™ who observed 


viscosities in 5 mil Au wire much higher than those 
in the 1 mil wire used by Alexander, Dawson, and 
Kling.” More significant were the completely neg- 


ligible strain rates found by Greenough” in silver 
single crystals. Opposed to these observations were 
aler, and Wulff” who found indica- 
tions of viscosity decreasing 

Thus confirmation of the theory was 
lacking in that the data to which it could be applied 


those of Udin, Sh 
as grain size increased 


complete 


contained only a limited number of grain sizes 
Hence, it was proposed that a series of experiments 
be carried out with thin foils of varying grain size 
up to and including single crystals, where, according 
to the Herring theory, deformation would occur only 
at almost infinitely slow rates 
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Experimental Procedure 

Three grades of copper were used to prepare the 
specimens: electrolytic foil of 4 nines purity, extra- 
pure OFHC copper of at least 5 nines purity, and 
ordinary OFHC of 4 nines purity. No difference in 
creep behavior for the different grades of copper! 
could be detected and no effort has been made to 
separate the effect of starting material in the presen- 
tation of the data 

After rolling the copper down to size, specimens 
about from 


I 
% in. wide and about 5 in. long were cut from 
the sheet. Triangular gage marks then were cut 
through the specimens and copper suspensio! hooks 
attached to the folded ends. It is believed that the 


gage marks were far enough from the ends of the 


greasing solution and then dipped in a % pet H.SO 
solution and chemically polished in a solution of 8g 
K.Cr.O., 10 cc saturated NaCl solution, 30 cc H,SO,, 
and 40 g CrO, in 8000 cc H,O. They then were re- 
turned to the H,SO, solution and finally washed in 
distilled water and then in alcohol. After this trea 
ment, the specimens showed the typical salmon-pin 
color of clean unoxidized copper. It cannot be pre 
tended that the chemical polishing resulted in per- 
fectly plane surfaces, but it was necessary to resort 
to chemical polishing, since no satisfactory ¢ lectro- 
polishing technique could be developed. After the 
final cleaning, the specimens were suspended in the 


furnace chamber, to be described later, each with a 
4 g weight attached 
The specimens were then held at 1060°C for 8 hr 


for annealing and straightening It was found tha 
this treatment resulted in a reproducible grain di- 


ameter R for all specimen thicknesses Inasmuch as 
each grain extended completely through the foil 
the grain thickness is the same as the foil thickness 
L. Thi y anneal at 1060°C was at a highe 


temperature than that of any of the creep 


order to prevent secondary recrystallization during 


tests in 
the runs. Another factor preventing grain 6! ywwth 
was thermal etching of the grain boundaries which 
tended to inhibit boundary movement In those few 


— 
TUNGSTEN HOOK) 
COPPER 
COPPER PINS 
TUNGSTEN HOOKS-—= 
COPPER WIRE) 
| 
E | 
vYCOR TUBE, 
COPPER WEIGHT Bie 
: COPPER PINS| 
| COPPER 


< GLASS WOOL 


Fig. 1—Arrangement of specimens im copper furnace chamber 
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cases that grain growth occurred (usually caused by 
damage to the specimens during m ~asurement), the 
“ghosts” of the former grain boundaries were quite 
apparent in the recrystallize d grains and these speci- 
mens were then discarded 

After annealing, gage lengths were measured at 
room temperature and a preliminary grain size count 
was made. For purposes of grain size measurement, 
the grains were consid red as circular and the num- 


oss- 


ber of grain boundaries intercepted by the « 
hairs, as the cathetomete! moved between the gage 
marks, was counted. This gave an average cn rd of 
the circular grains which was converted to average 
grain diameter by the formula 


Average Diamete! { ) (average chord) 


Table I shows the average grain diameter for eat h 


of the specimen thicknesses 


Table |. Grain Size for Various Foil Thickness 


L, Feil R, Average 
Thick Average Grain Diam R«l 
nesses, In Cherd, In eter, In F ie Sq In 
o1s 0.004 0 00€ i2 945 
( 0.0051 0 Of 4 1a 
on O52 2 2.75 248 
004 0044 “ 1.75 28 


As far as could be determined from the evidence 
of slip lines in deliberately strained crystals, all 
specimens had the standard texture with (001) 
planes in the surface and the 100 direction parallel! 


to the length of the specimen 


Single crystal foils were used in a number of pre 
liminary creep tests. These were prepared by sex 
ondary recrystallization in a horizontal moving fu 
nace. As discussed later, no length changes cou 1 bx 
detected in the single crystals and only a lin ited 


number of these specimens were prepared 

Furnace and Specimen Chamber: Three double 
wound Kanthal furnaces were used for the creer 
tests. One winding was adjusted by resistance Oo 
that line voltage held it about 50° to 75°C below 
the desired temperature. The second winding wa 


controlled to hold the test temperature. Over short 


periods of time, temperatures wert held to within 
14°C and it is believed that variations of tempera 
ture over long periods of time were less than 3 


The specimens were suspended in a copper chan 
ber (illustrated in Fig. 1) from tungsten hool 
attached to the cover block which then was pinned 


to the chamber wall. The whole chan ber was then 
lowered into a 3 ft Vycor tube sealed at the Dotton 
The Vycor tube was then connected to the gas purifi 
cation train by means of ground-glass joints 

Atmospheres: All runs were made in ¢ ither pur 
fied hydrogen or helium. The hydrogen was puri d 
in the following train: 1—deoxo tube; 2—indicating 
alumina; 3—copper gauze, 550 4— indicat 
alumina: 5 platinize d asbest 550°C: 6 indicat 
alumina and ascarite; 7—cold trap, dry ice and act 
tone: and 8—10 liter storage flask 

The following train was used to purify the 
helium: 1—mixed alumina and ascarite; 2—coppe! 
oxide. 550°C: 3—indicating alumini 4—-coppe! 
gauze. 550°C: 5—indicating alumina; 6 cold trap 


dry ice and acetone; and 7—-10 liter storage flask 
Experimental Procedure: After cleaning and an 


nealing, the initial gage lengths of the specimens 
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Table I!. Surface Tension of Copper Foils 


krness. ir 0015 2 0.003 0 004 0 005 
- - ‘ 0825 0 007 0.008 
L/P 42 1/2.75 1/1.75 1/16 
Equatior 4 W P 0 905-W W 


Surface Tension, Dynes per Cm 


. 169 1760 1680 1680 
assumed assumed 
024 4 
e mé ired while st ispended from the cham- f X75 and a claimed accuracy of 0.0002 in. was 
‘ é nd then the specimen assemt Ny re- ised to measure length changes in the specimens 
ace chambe The chamber ther In practice, accuracy was somewhat less than this 
P nto the Vy furnace tube but it was found that results were reproducible 
ealed to the gas train. The \ r tube within 0.0003 in 
ternate lated flushed with On completion of the runs, which usually lasted 5 
te erature ar the efu to 10 days, another grain size count was made and 
4 é f the specimens cut in two for weighing 
fl é ‘ A nur yf unweighted single crystal specimens 
phe then f we ind the f 0.0015 in. thickness were used in a preliminary 
T f the is tra that test, but no shrinkage could be detected even when 
tat at here dur the specimens were lying flat on carbon blocks with 
only friction between the specimen and block oppos- 
i of time, usui ; r 12 ing the irface stress. It was concluded therefore 
f he ‘ that deformation of the viscous type did not occur at 
te erature Tr i detectable rate in single crystals 
Results 
‘ } be was then Results of a typical creep test are shown in Fig. 2 
bye P ate The data are [ otted as (1 1.)/1,. (where 1, is the 
® oe were the ! al gage length) vs time. The slopes of these 
h +) led ft ( are shown plotted against the corresponding 
AG , thet eter with a stresses in Fig. 3. From these strain rate vs stress 
laryte iraw tube t ve magnificatior curves, surface tension is calculated from the equa- 
tion 
L 
P v l 
. where L/R is the ratio of specimen thickness to grain 
liameter, W the specimen width, y the surface ten- 
on, and P the intercept on the stress axis corre- 
es sponding to zero creep rate. It is assumed that the 
: od | grain bDoundary energ is 1/3 that of the surface and 
. "i that the grain boundaries form a hexagonal net- 
a - ~ work Table II shows a summary of the surface 
tension calculations. The values for the thinne: 
pecimens are believed to be the more reliable and, 
HOURS 
* 1940 OnE 
910% 
“4% 
| 


“Ours 


Fig. 3—Slopes of curves im Fig. 2 plotted against corresponding 
Fig. 2—Results of typical creep test. Data are plotted as stresses. 0.002 in. specimens, 1002°C. + 16.1x10°* poise; 
1 10/1. ws time 0.002 in specimens, 1002°C 1720 dynes per cm 
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Fig. 4—Viscosity as a function of grain size 


in fact, the average calculated from the 0.0015 in 
data is interpolated in some of the data for the 
thicker specimens in order to establish the slope of 
the strain rate vs stress curves 

By definition, the reciprocals of the slopes of the 


strain rate vs stress curves are the viscosities, that is 


Since one of the purposes of this work has been to 
establish the validity of the Herring viscous flow 
mechanism, which defines viscosity 
TRI 
D 


ain 


where T is the absolute temperature, R and L 
size parameters, and D the self-diffusion coefficient, 
the viscosity has been plotted as a function of thes¢ 
parameters in Figs 4. 5. and 6. In Fig. 4, viscosity 
is plotted against the product of the grain dimen- 
sions. In Fig. 5, the natural logarithm of the vis- 
cosity is plotted as a function of the inverse tem- 
perature for each of the three smallest grain sizes 
Strictly, of course, the data should be plotted as In 
»/T vs 1/T but failure to do this in Fig. 5 introduces 
an error of less than 1 pct in the slopes And finally 
in Fig. 6, where In »/TRL is plotted against 1 T, all 
the viscosity data is combined to yield one straight 
rresponding to an activation en 


line with a slope co 
r f the coefficient 


ergy of 56,800 cal per mo! Values o 
of volume self-diffusion have been variously re- 
ported from 39.000 to 61,400 cal pe! mol, the higher 
values being the more reliable In Table III, the ob- 
served values for the coefficients of viscosity are 


oo 
* coos 
z 
5 
a 
a 
a 


+ 


Fig. 5—Viscosity as o function of temperature 
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Fig. 6—Viscosity as a function of grain size and temperature 


compared with those predicted by the equation 


3 \.. 


where k is the Boltzman constant, T the absolute 
temperature, D the self-diffusion coefficient, 0 the 


atomic volume, and V, the average grain volume 


Table I1. Comparison of Observed and Predicted Values of the 
Viscosity Coefficients of Copper 


Viscosity, Poise (10) 
Specimen 


Obese ed, He 6.306 7.04 9.5 
Obse ed, H oo 6.93 9.35 18.4 
Pre ed +a 62 9.7 
002 Ob { 9.35 12.1 16.1 
Pre ed 6.33 793 
003 or 15 23.4 
Pre ed 924 11.55 
004 Observed I 
Predicted 11.1 
Observed 20.4 
Predicted 15.4 


The self-diffusion coefficient was calculated from the 
relationship D 47 exp. (61,400/kT), which is the 
equation given by Rollin. The foregoing equation 
for viscosity has been de veloped by Herring” for the 
case of flow in a mass of equal quasi-spheri al grain 
with tangential stresses relaxed at the boundaries 
and is not strictly applicable to the present geom- 


etrv. However, it has been pointed out by Herring 
that. for those cases where the grain diameter is not 
much greater than the specimen thickness, the us¢ 


of the foregoing equation for foils will not introduce 

too great an error In view of the errors inherent in 

the experiment and in the apy roximations necessary 

in the derivation of the equation, the unexpectedly 


good agreement in the absolute values is possibly no 


more than fortuitous. It is felt, however, that the 
variation of the observed viscosity with grain siz 
and temperature is significant and powerful evi 
dence in favor of the Herring met hanism of viscou 
flow 


Conclusions 


In spite of the approximation ised in the devel- 
opment of the Herring theory of diffusional vis- 
cosity and the unavoidable exp imental error 


agreement between calculated and observed v Te 


of the coefficient of viscosity is g00ce differing only 
by an almost constant factor of 2. It believed 


however, that in assessing the validity of the Her- 


MAY 1955, JOURNAL OF METALS—667 


‘| 
4 
are 
— 
| 
| 


theory, greater weight should be given | Discussion of this paper, if any, will appear in 


yn of observed behav with that pre- JOURNAL OF METALS, November 1955, and in AIME 
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All binary and a number of ternary « alloys formed by first long period transition 
elements were examined and found to be ferromagnetic at low temperatures. The Curie 
temperatures for these alloys were measured. It was found that the correlation of the 
Curie temperature with composition may be described qualitatively in terms of the con 
tributions of the various component atomic moments to the saturation moment of the 
alloy. Ternary Fe-Cr-Mo « phase alloys were also found to be ferromagnetic, with a 
Curie temperature dependent on the iron content and largely independent of the unit cell 
dimensions. Similar relations were found for the Co-Fe-Cr and the Co-Cr-Mo « alloys, 
where the Co ~ Fe content appears to determine the Curie temperature. 


temperatures were measured fo! 


it has become increasingly evident vestigation, 
that t 


he o phase is some kind of an “electron a series of o alloys containing either vanadium or 

compound.” Several papers’* discussed the empiri- chromium with one or two of the elements manga 
cal correlation between the composition of the vari- nese, iron, cobalt, or nickel. In the second phase of 
ous @ phases in alloys of the transition elements and the work, data were obtained on the Curie tempera 
the distribution of electrons in the partially filled ture of ternary (Fe, Co, Cr)e, (Fe, Cr, Mo)e, and 
d-levels of the component atoms. However, a pic- (Co, Cr, Mo)e alloys, as a function of composition 
ture of the latter can be formed only in a more or and of interatomic spacing 
less intuitive manner, as in the Pauling theory,” and : 
the rigorous treatment of these problems is at pres- Experimental Procedures 
ent prevented by lack of adequate knowledge of the High frequency vacuum melting in high purity re- 
electronic structure of the transition elements in the crystallized alumina crucibles was employed in the 
metallic state preparation of the o alloys, using metals whose lot 

It appeared reasonable to expect that investigation inalyses are ven in Table I. Approximately two 
of the magnetic properties, which are related t thirds of the alloys were analyzed chemically, th 
d-shell electrons, may help in clarifying the physical analytical results being in acceptable agreement 
nature of the foregoing empirical correlation. Qual- with the intended compositions, as seen in Tables II 
itative tests of samples of various compositions have and Il]. The specimens were annealed for homogen 
shown that certain o alloys become ferromagnetic ization in an atmosphere of purified 92 pet He and 8 
at liquid nitrogen temperature The present in- pet H, mixture or in evacuated and sealed Vycor 
vestigation was undertaken to determine whether o1 tubes at temperatures from 780° to 1300°C, depend 
not low temperature ferromagnetism is character- ing on the temperature range of the o phase field fo 
stic of a large variety of « alloys and to establish the particular composition. The annealing tempera 


ture and time for each alloy are given in Tables I 


and III 


how the Curie temperatures of ferromagnetic o@ al- 


loys are influenced by ch Ss in composition and 


in lattice parameter. In th rst portion of the in- Cure points were determined by an induction 
method; the change with temperature of mutual in- 
M. V. NEVITT, Junior Member AIME, formerly Groduote Stu te 4 when @ 
ai ance “eT Wo col Wa pserve whnen 
dent, University of Illinois, is Head, Dept. of Metallurgical Engi . 
y specimen was inserted into the flux path between 


neering, Virginia Polytechnic Institute, Blacksburg, Va, and P. A 
BECK, Member AIME, is Research Professor of Physical Metallurgy 
University of Iilinois, Urbana, Il! 

Discussion of this paper, TP 3960E, may be sent, 2 copies, to 
AIME by July 1, 1955. Manuscript, Aug 12, 1954. Chicago Meet 
ing, February 1955 


the coils. The transformer consisted of three coil 


each contal b 


nir 1200 turr of 0.0050 in. diam 


enameled coppe wire The enter co P in Fig ] 


served as the primary coil, and was linked magneti- 
tw econdary coils, S, and S 


cally with each of the 


This poper is based on o thesis by M V. Nevitt submitted, in which were connected in series opposition. The 
porticl fulfiliment of rhe requirements for the degree of Doctor of primary coil, P, was energized by an audio-os 
Philosophy, to the Graduate College of Engineering, University of lator, set at a frequency of 500 cycles per sec, while 
Honors the signal from the transformer secondary circuit 
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Curie Temperatures of Binary and Ternary Sigma Phases te 


Table |. Lot Analyses of Metals Used in Making o Alloys, Wt Pct 


Vanadiam 


Electro 
lytte Cr 


Electro 
lytic Ma 


Electre- 
lytie Fe 


Electre- 
lytie Co 


Electre- 
lytic Ni 


0.005 max 


Balance 


RY TaT 


Fig. |—Apporetus used to determine Curie temperotures by 
induction method. P is the primary coil ond S. and 5S. ore the 
secondary corls 
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ma 


as shown in Fig 


1 The assembly was 


vacuum container which could be ex- 


ure U1 iCss 


han 1 micron Hg, and 


ntainer was immersed in a low tem- 


voir which wa 


contained a sul 


Either liquid i se liquid 


as used as the coolant, depending upon the 


emperature yver which the measuremer 


le. The temperature 
reviously calibrated 


thermocouple 


copper vs gold plus 2 


was measured in 


which was embedded 


By adjusting the dc 


rature 


coolant ‘he heater current was Kept 


temperature 


of the 
r above the 


of measurement long 


t temperature in the samp 


nadary 


rature 


voltage was measured 


Curik 


ing the atures 


tage occurred. In thi 


ined for 96 


ana 


systems 


Results of Investigation 


Tit 


in Table II are 


listed by system, to- 
in atomik ercent 
The binary alloys 


at the time, near 


composition range in each alloy 


r 


i most of the ternary 


concerned have not been reported previous- 


inak 


ai 


revious 


nt 


were determined in a concurrent in- 


In each cas 
solid soluti 


in which 
ated on the 
sO Varies 
are low 
observation 
investigators 
phase was 


at room 


a continuou heid ol 


connects the two binary ¢ 


used 


inary @ 
be noted that, 


where 


unt of the component 


(vanadium or chro- 


observed 
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Element 
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Compeoend || | || Mo 
Ba 6008 
‘ 14 01 
— 
Trace Balance 
0.003 
02 
1 
t the filer w id with an a housed in a eee 
ple nked the hausted to a press: 
nee f the tra perature reser - 
irge voltage ew licated | nthe oc sample. to the 
P te As the te erat f the : ‘ heater coil, the tempexmamm ould 
‘ ved tthe Curie te De ture The 
<imate When the induced EE 
f pack tight!» capsule ver a range of t int could 
r } the are ste eal f be determined by not EE at which a 
: heat f nichrome wire whic! ted the harp change in vol [Es manne: 
Curie points were determMEEEE o alloys in 16 
lifferent ternary 
The alloys 
| . gether with their commpositi 
. and their Curie temperatures 
were chosen, as close as 
the center of the 
ue R 
ternary o 
phases. The composition of the ternary alloys 
: ' for the Curie point determinations was selected so 
i that the correspmnding points in the triangular 
composition coordinate system lay approximately 
(AMBRE on the straight line connecting the 
4 CATER compositions. Accordingly, it should 
~ in cases like that of the V-Mn-Fe system, 
— the two binary phases have different composition, 
| re Sf the correspondi: irves in Figs. 2, 3, and 4 repre- 
TT MEN not 330 
mium ) seen that the Curie tem- 
perature l the compositions studied, 
a and this n accord with the work of 
 _— as reported by Bozorth 
where 1 consistently HEE to be 
temperature 
3 
‘ 


For purposes of interpretation, it was necessary 
to establish some basis for comparison of all the 
data. Consideration of the data for the binary alloys 
suggested that at least a rough correlation could be 
made between the Curie temperature and the satu- 
ration magnetization of certain of the component 
elements of the alloys. The nature of this correlation 
is shown in Fig. 2, where the Curie temperature of 
the three binary alloys containing chromium and 
the Curie temperatures of the four binary alloys 
containing vanadium are plotted against the atomic 
number of the other component element in each 
alloy, namely, Manganese, iron, cobalt, or nickel 
The general shape of these curves resembles the 
dashed curve which expresses the variation of sat- 
uration magnetic moment with the average atomic 
number for the ferromagnetic elements of the first 
transition period and their alloys The similarity of 
these curves implies that the variation in Curie tem- 
perature for the o phase may reflect a correspond- 
ing variation in its magnetic moment, and this hypo- 
thesis is in general accord with the relationship that 
obtains between Curie temperature and saturation 
moment for ferromagnetic substances” 

= BNI,/Z 

where @ is the Curie temperature; Z is the number of 
nearest neighbors; £ is the Bohr magneton; N is the 
Weiss molecular field constant; and /, is the satura- 
tion magnetic moment. Thus, an increase in the 
saturation moment of « would be expected to pro- 
duce an increase in the Curie temperature, if other 
factors did not intervene. 

However, Figs. 3 and 4 show that the ternary alloy 
data do not conform to this simple correlation. In 
Fig. 3, the Curie points of the ternary ¢ alloys con- 
taining vanadium are plotted against the weighted 
average atomic number of the other two alloy com- 


Table 1). Curie Temperatures of Binary ond Ternary « Alloys 


Annealing 


Tem- 
Chemical pere- pers- 
Intended (om position Analysis ture Time, tere, 
Atomic Pet Atemic Pet ur °K 


F 4Co 46 Cr 820 
F 0.5 Co, 49.5 Cr 8.9 Fe, 11.9¢ 
49.2 Cr &20 120 128 
51.5 Cr 820 120 116 


‘9 Mn. 20.8 Co 


40.3 Cr 1000 14 71 

29 ¢ 20 Mn, 51 Cr 29.8 Co, 19.3 Mn 
50.9 Cr 1000 144 72 
83.4 Mn, 16 1000 120 106 


aw 

2 Fe. 23.9Co,469V 0.7 Fe, 244Co 

51.3 Co, 4867V 

10 Ni. 53a V 2 


186 Ni, 555V 


ponents. In Fig. 4, the Curie points of ternary 
chromium @ alloys are plotted in a similar manner. 
In both of these figures the data for the binary alloys 
are the same as those in Fig. 2. It may be noted that 
there is a general depressing effect on the Curie 
temperature when a third element is added to any 
one of the binary ¢@ alloys 

One interpretation of this behavior can be made in 
terms of the effect of 3d-shell diameter in allowing 
the occurrence of a positive exchange force be- 
tween the 3d-shell electrons of neighboring atoms 
A relationship due to Bethe’ predicts that the align- 
ment of magnetic moments of neighboring atoms 1s 
parallel or antiparallel, depending on the extent of 
the overlap of the charge distributions of the partially 
filled d-shells of the transition metals concet ned. The 
lattice dimensions of the ¢ phase remain relatively 
constant in binary and ternary 5) stems of the first 
transition period elements, but the component ele- 
ments have considerably different 3d-shell diam- 
eters. Thus, the overlap of the adjacent 3d-shells 1 
changed when one transition element atom is sub- 
stituted for another on a particular lattice site, de- 
pending on the relative diameters of the 3d-shells 
of the atoms concerned. The possibilities for ferro- 
magnetic coupling in a given ¢ lattice can be ana- 
lyzed qualitatively, when the interatomic spacing 
are known, by using Néel’s” values for the 3d-shell 
diameters of the elements and his criterion for posi- 
tive exchange coupling: d — 2r 1.05A, where d 1s 


Table !!!. Curie Temperotures of (Fe, Cr, Mo) 
and (Co, Cr, Mo) « Alloys 


Annealing 


Carte 

Tem Tem- 

Chemical pera pere 

Intended Composition Analysis ture Time ture 
Atemic Pet Atemic Pet ‘ 


16.0 Mo ; 16.4 Mo 1200 72 
54 Fe, 24 Cr, 22 Mo 


54.5 Fe, 28.0 Cr 
17.5 Mo 
51 Fe, 29 Cr, 20 M 24 Fe, 
202™M 1200 72 156 


51.6 Fe, 28.0 Cr 
20.4 Mo 200 72 150 
26 Cr, 22 Mo 51.9 Fe, 25.7 Cr 


51 Fe, 205 Cr, 
50 Fe, 28 Cr, 22 Mo 51 27.2 Cr 


23M 


» 26 Cr 


49 Fe, 26.0 Cr, 25.0 Mc 20 72 


48.5 Fe, 20.5 Cr 49 Fe, 26.9 Cr 
22.2 Mo 222™ 20 72 12 


47 Fe, 33.5 Cr, 195™ 475 Fe Cr 


47 Fe, 26 Cr, 27 Mo 


53 Fe, 47 Cr 556 Fe, 464 
51.5 Fe, 46.0 Cr 

2.5 Mo 142 
49 Fe, 445 Cr, 65 Mo 
47 Fe, 43 Cr, 100M 46 Fe, 419° 


45 Fe. 42 Cr, 13.0M 
42 Fe, 42 Cr, 16 Mo 42.1 Fe, 41 


18 Mo 


41 Fe, 41 Cr 


98.5 Fe, 386.5 Cr 


23 Mo 


46 
2.4 Me i 72 102 
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Curte 181 
‘ 
80.1 Mn, 19.9 Cr 1000 120 9) 
Mar, 11 Fe, 20 Cx 810 264 1300 2 134 
7 Fe, 16 Mn, 47 Cr 18 Mr 264 106 1206 72 | 
526 46 7 136 163 49.5 Fe, 31.5 Cr 26 
53 Fe, 47 Cr 53 6 46.4 780 the 72 
117 
a 
20K 72 109 
27 or 65.1 Cr 1000 120 91 
13 7c 1000 120 73 72 109 
42 57.9 Cr 4 c 58.7 Cr 144 78 
16 Fe M \ 61% 2 
42.3 Fe, 15.6 Mn, 42 v 4 r 1000 120 106 20K 4 
52.7 Fe, 473 V 52.4 Fe. 476V 1000 120 203 Mo 120 81 
1000 120 128 42.1 Co, 57.9 Cr 41.3 Co, 58.7 ¢ ‘30 “a oe be 
1000 120 98 36 Co, 55 Cr, 9 Mo 1300 72 ou te 
Co, 48 Cr, 14 Mo 72 
1000 i20 62 41 Co, 50 Cr. Mo 
58 43.5 Co, 41 Cr es 
39Co 8 1000 120 58 15.5 Mo 
15.8 Ni 64.2 V 1000 120 S2 49.5 Co. 41 2 105 
1000 120 w 9.5 Mo 
Co, 17 Mn, 1000 120 2.5 Mo 
‘ 


Curie temperotures of binary alloys containing chro 


MN FE 


ATOMIC NUMBER OF (MN-FE+CO-N MPONENT 


mium ond venadium ore plotted against the atomic number Fig. 4—Curie points of ternary chromium « alloys are plotted 
component element in each alloy agoinst the weighted average atomic number of the other two 


alloy components. 


Néel criterion shows that there should be an increase 
her than a decrease in the number of possible 
positive 3d-shell exchange inte! ions 
An aiternative explanation that may be valid even 
in the instances just described is based on the as- 
sumption that a transfer of electrons among certain 
yms takes place in ¢ alloys and that the resultant 
se in the magnetic moment of the structure Is 


in a decrease in the Curie A 


ternary alloys containing vanadium 


ther two alloy components 


hough there is as “ation 


ifi 
of such electron transfer in the ¢ p it has been 
hown by Shull” that the unusually large decreases 
in the magnetic moment and in the Curie tempera- 
ture. for instance, in cobalt-base hexagonal Co-Cr 


olid solutions are due to electron transfer of this 


an effort to clarify the effec yf magnetic 
noment and overlap of unfille i-shell ym the 
e temper! ure o alloys additiona Curie 
temperature data were obtained for (Fe,Cr Mo)e 


and (Co,Cr,Mo)ze alloys as a function of composition 


weighted average atomic number of 


atom, molybdenum has five 4d elec- 
ng to chromium’s five 3d electrons 
e two elements might be « 
make equal contributions to the magnetic 
f the structure. However, molybdenum has a very 
nuch larger mic diameter and d-shell diameter: 
than chromium 
In Table III, the compositions and Curie tempera- 
tures of 30 (Fe Cr.Mo)e and (C Cr.Mo)e all 
5. the (Fe.Cr.Mo)e data are 
ternary diagram. The |! 
indaries are dus 
and Grant” and 
dimension of the tetragonal ce 
was obtained by converting the 
nan and Shoemaker” for (Fe,Cr)eo by 
the lattice expansion 
observed by Duwez and Baen 
in Table III and Fig. 5, th 
molybdenum is added 
of constant Curie 
follow lines of constant iron content 
not influenced by the change in lattice dim 
Fig. 6 
tures of 7 (Co.Cr.Mo)e alloy The C ph 
boundary was determined by Darby and Beck." In 


this s 


expressing 


ystem. the a dimension of the unit cell 


determined by converting the | for (Co,Cr)e of 


Was 
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Fig. 3—Curie pomts of 
ore plotted agoinst the 
list e betwee! aton ents and 2? the 
ate nverting the ! en by Bergman 
f (Fe.Cr)e ul f the 
When th ‘ ture of (1 Vie red 
‘ ire re wed | tife magnet 
a | M M M V inte t The ame 
‘ t vhen manganese at ire substituted 
+> attics The fact ti the Curie tem- 
‘ Fe.\ ind e markedly 
‘ the pdditior f manganese may be ex- 
, ‘ — Howeve the 
¢ ‘ terpretatior not ace at to explalr 
+) idit f ator wit) lhe than 
those of the ginal ator k nd 4 show dips 
the ( tem pe ture irvée balt is 
added to (Fe.V)e ana vyhen nickel 1s 
5 added t (Co.V)e and, t 1 less extent, when 
cobalt is added t Mn and t Mn.Cr)e. Ir 
ost of these cases. the analysis in terms of the ME. 


Dickens, Douglas, and Taylor” by means of the 
lattice expansion in (Co,Cr,Mo)¢ observed by X-ray 
measurements. Fig. 6 shows that the Curie tempera- 
ture is apparently insensitive to the expansion of 
the lattice that molybdenum produces. In Fig. 7 the 
Curie temperatures of (Fe,Cr,Mo)e, (Co,Fe,Cr)¢, 
and (Co.Cr.Mo) @ alloys are plotted as a function of 
the Co + Fe content, regardless of the variations 
ef the Mo/Cr ratio or the Co/Fe ratio. It may be 
seen that in a first approximation the iron and cobalt 
content determine the Curie temperature in these 
alloys 

The dependence of Curie temperature upon the 
concentration of iron or cobalt again suggests that 
the number of ferromagnetic atoms In the structure 
is of decisive influence. The fact that the Curie tem- 
perature is not affected by the lattice stretching due 
to the addition of molybdenum is rather remarkable 
When the Néel criterion is used, as described pre- 
viously, to analyze the possibilities for ferromag- 
netic exchange between adjacent atoms in the 
binary (Fe,Cr)o lattice, it Is found that many ad- 
jacent lattice sites are properly spaced for positive 
Fe-Fe and Fe-Cr coupling, while for others the 
interatomic distances are too short When molyb- 
denum is added, new Fe-Fe and Fe-Cr positive ex- 
changes are created because molybdenum increases 
the interatomic distances. On the other hand, the 
4d-shell radius of molybdenum Is too large to permit 
any positive exchanges with either iron or chro- 
mium. so that the replacement by molybdenum 
atoms of either iron or chromium atoms must result 
in a decrease in the number of positive exchange 
couplings. If the magnitudes of these two effects 
were the same, the Curie temperature of o would be 
indifferent to molybdenum additions, as observed 
experimentally. The compensation of these two 
counteracting effects is apparently fortuitous, there 
being no evident theoretical reason for expecting it 

The widespread occurrence of ferromagnetism 
among the various o phases confirms the view ex- 
pressed earlier’ that the electronic structure of o 
proposed by Sully’ is not likely to be correct. In 
terms of the Pauling theory, the present results are 


consistent with the picture that for each atom the 


bonding subband is filled up with electrons and that 


ATOM PERCENT |RON 
40 30 30 


‘ATOM PERCENT MOLYBDENUM 


ATOM PERCENT CHROMIUM 


60) 
ATOM PERCENT |RON 


Fig. 5—Curie temperotures for (Fe, Cr, Mode alloys are plotted 
on @ portion of the ternary diagram 
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the atomic subband, which is responsible for ferro- 
magnetism, is only partially filled 

In Fig. 8 all of the Curie point data of this investi- 
gation are plotted as a function of a quantity which 
may be called the hypothetical saturation moment 
of the o alloys. The hypothetical moment for each 
alloy is taken as the sum of the products of atom 
fraction of each component times the atomic moment 
value for that element. The experimentally deter- 
mined saturation moments for the elements iron, 
cobalt, and nickel are, respectively, 2.218," 1.715,” 
and 0.604" Bohr magneton. As derived from Paul- 
ing’s* postulated distribution of hybridized 3d and 4s 
electrons for elements of the first transition period, 
moment values of 0, 0.22, and 1.22 Bohr magneton 
per atom were used for the elements vanadium 
chromium, and manganese. A value of 0.22 Boh: 
magnetons per atom was also used for molybdenum 
These hypothetical moment values are based on the 
greatly oversimplified picture of additivity of all 
atomic moments, so that they should not be con- 
sidered as even crude approximations of the true 
saturation moments of the alloys Nevertheless, in 
the absence of actual measured values for the satu- 
ration moments, they may be conveniently used in 
presenting certain features of the data for a wide 
variety of o« compositions. The extensive scatte! 
in Fig. 8 clearly shows that the measured Curie tem- 
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Fig. 7—Curie temperotures of « alloys ore plotted as a func 
tion of the Co + Fe content 
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4—It is unlikely that the o structure can be as- 
cribed a Pauling atomic subband of its own with a 
characteristic number of electrons independent of 
pos-o ee the composition. The present investigation did not 
2 ’ lead to a rational interpretation of the empirical 
correlation between boundary compositions and 


electron vacancies in the atomic 3d-subbands of the 
component elements 
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Effect of the Structure of Dislocation Boundaries 
On Yield Strength 


Dy Washburn 


Two simple types of dislocation distribution were introduced into zinc crystal 
specimens and the effect of each on the stress-strain curve was investigated. Quan- 
titative results were obtained for simple edge dislocation arrays and for an array 


of screw dislocations lying in the slip plane. 


CCORDING to present knowledge, the disloca- 
tions present in large annealed metal crystals 
can be divided into two somewhat arbitrary groups 
1—single dislocation lines distributed more or less at 
random or forming elements of a three-dimensional 
h the distance between adjacent dis- 

he order of 10° to 10° cm and 2 
widely separated planar arrays of edge dislocations 
dislocation walls or small angle boundaries 
within which adjacent dislocation lines are spaced 
at much smaller distances (10° to 10° cm). The 
former can be considered as a dislocation interpre- 
tation of the mosaic crystal proposed by Darwin and 


network in wh 
i f 


locations is of t 


forming 


Ewald 40 years ago to account for anomalously 
high integrated intensities of X-ray diffraction max- 
ma. Small angle boundaries, although now known 


to be present in most single crystals used for me- 
chanical testing, were not generally recognized by 
the early workers. This was partly due to the fact 
that only recently have improved X-ray and metal- 
phic techniques been available for checking the 
macroscopk perfection of crystals 

It has long been known that changes in growth 
conditions and in annealing procedure, which might 
logically be expected to cause variations in the 
tructural details of both the dislocation network 
and of dislocation boundaries, produce marked vari- 
ations in some mechanical properties such as yield 
strength.” However, no quantitative experimental 
correlations between changes in dislocation distribu- 


ve % 
Dave 


tion and changes in mechanical proper yet 
been made. Such a correlation has been difficult to 
obtain because, even when great care is exercised to 
keep the histories of a number of single crystal 
specimens identical, it usually has not been possible 


to avoid considerable variation in macroscopic per- 


J. WASHBURN, Member AIME, is Assistont Professor of Metal 
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Discussion of this paper, TP 3980E, may be sent, 2 copies, to 
AIME by July 1, 1955. Meonuscript, Oct. 21, 1954. Pacific North 
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fection.” The number and orientation of dislocation 
boundaries vary from specimen to specimen. This 
has probably been an important contributing factor 
to the large scatter in the results of most mechanical 
measurements on pure single crystals 

Some recent experiments” with single crystals of 
zinc have shown that the presence of dislocation 
boundaries in a specimen can increase its resistance 
to deformation by slip. With polycrystalline alumi- 
num and nickel, there is also evidence that disloca- 
tion boundaries within the individual grains of the 
aggregate can increase the resistance of the material 
to plastic deformation, either as measured by ien- 
sion tests at room temperature or by creep tests at 
higher temperature: 

Although the foregoing observations seem to have 
established the fact that substructure can have a 
strengthening effect, the test conditions were too 
complex to give much information concerning the 
mechanism. In the foregoing cas« a network of in- 
tersecting boundaries having variou rientation 
and boundary angle were present Before their ap- 


parent strengthening effect can be understood, it 


will be necessary to isolate and study separately the 
effect of a number of variable l—boundary angle 
2—-boundary orientation with respect to the active 


slip direction, number of boundaries, 4—inter- 
sections of boundaries, 5-—detailed structure of the 
boundaries, and 6—interaction of impurity atom 
with dislocations in boundaries 

The object of the present work was to study the 
effect of dislocation boundaries on flow stress under 
the following simple experimental conditions: 1 
substantially pure shear deformation and 2——bound- 
aries of controlled angle, orientation, and number 
In this way, it might be pe ble to distinguish the 
important variables from the relatively unimportant 
ones 


Experimenta! Procedure 
Stress-strain curves of hexagonal metals are gen- 


erally nearly linear even out to very large strains." 
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The load applied to the specimen was measured 
to an accuracy of +0.01 lb by means of a load meas- 
iring beam, the curvature of which was indicated 
by S-R-4 strain gages. The maximum strain rate 
employed in the tests was 0.01 pct per min 

The crystals were grown from Horse Head Special 
zinc which had a nominal purity of 99.99 pct. Long 
from which the desired speci- 
mens were cut by acid sawing, were grown. The 
large 


crystals was controlled by a seed crystal having the 


rectangular crystals, 
orientation of crystollographic axes in the 


jesired orientation relative to specimen directions 

As mentioned previously, a kink specimen was 
haracterized by the formation during testing of a 
boundaries at the 
extremeties of the gage section. The angle of the 


boundaries was directly related to the relative dis- 


pair of pure edge dislocation 


placement of the two grips. This specimen geometry 
was used because it provided a means for introduc- 
ng simple edge dislocation boundaries of controlled 
ngle across the gage section of a specimen. Fig. 7 
shows the type of specimen used for this purpose. At 
any stage during a series of tests, the specimen could 
be gripped at the inner set of notches and a pair of 
boundaries of known angle could be introduced by 
hearing the specimen a measured amount. The ac- 
iracy within which the boundary angle could be 
ontrolled was +0.01 

A second type of distortion, which it was thought 
might be involved in complex substructures, was a 


| TRACES OF 
(O00!) PLANE 


= 
| 
-TEST SECTION 
x + x 
- — ° 
a 
> ~—-------4 


POSITION 
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Fig. 2—Alternate type of shear specimen. a-—Specimen di- 
mensions ore shown. The test section is shaded Slip planes 
of the crysto!l ore the Y constant plones of the sketch 
b—Enlorged view of the test section shows estimated elastic 
sheor-stress distributions in the slip planes along X and Y 
oxes. Solid limes are before start of plastic deformation and 
dashed lines, after start of plastic deformation 
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Fig. 3—Photograph shows an undeformed kink Fig. 4—-Kink specimen is shown after o shear Fig. 5—Photograph of a kink specimen 
specimen strain of 25 pct cleaved through the center after a | pct 
strain shows the small angle boundary on 
both cleavage and side surfoces 


exert an influence on the shape of the stress-strain 
curve. The shaded areas of Figs. 8, 9, and 11 show 
the scatter observed for several tests on three differ- 
tially no observable substructure. The cylindrical ent crystals. No regular change in successive stress- 


gage section was ideally suited for the introduction strain curves was observed. The magnitude of the 
yield stress (as computed from the minimum cross- 


twist about an axis normal to the slip plane. In order 
to study the effect of such a twist, shear specimens of 
the normal type were used in which there was ini- 


of a pure twist deformation. A twist about the 
[0001] axis should result in a network of screw dis- section between the hottoms of the notches) and the 
locations lying in the (0001) planes. After a small rate of strain hardening in kink specimens were 
measured twist, the specimen could be tested in the found to be comparable with the same quantities 
isual manner by loading in shear along the median obtained from tests on conventional shear specimens 

From the previous work’ it was suspected that the 
such that the greatest deviation of the [2110] direc-  *trengthening effect of a a 
tion of the applied shear stress was 0.6° which be greatly influenced by the annealing procedure 


[2110] direction. The largest twist employed was 


employed. Since it was desired to determine the 
change in yield strength of crystals containing 
boundaries as a function of annealing temperature, 


caused a negligible variation in resolved shear stress 
Cottrell states” that, “Soft single crystals are not 
the easiest materials to consider from the theoretical 


point of view because the process of making them 


involves the deliberate removal, as far as is possible, 


of all known sources of hardening and thereby 
makes the cause of their residual hardness uncer- 
tain.” Introducing known arrays of dislocations and = 
observing the changes in plastic properties caused 7 
thereby may eventually lead to a more detailed bi 
model of the annealed state of a crystal a 
Previous experience with the mechanical testing 
of single crystals indicates that, even when great ; % a 
care is exercised to keep the history of a number of F a 


specimens identical, an appreciable scatter in yield 
strength from crystal to crystal can be expected 
The only way of avoiding this difficulty was to meas- 
ure the yield stress of each specimen initially and 
select those with lowest yield strength, assuming 
them to be the most perfect. All comparisons were 
then made on the basis of results from a single 
specimen. In order to measure the initial yield stress 


Fig. 6—The loading and 
stroim-measuring assem 


however, it was necessary to deform the crystal 
bly emplo for test 
plastically. Therefore, wher series of tests was to ployed for tes : 
asticall) here! , when a rl ing of kink specimens 


be made, it was essential that any strain hardening 
introduced by the measurement could be removed 


completely by a recovery treatment. It had already icy 
been demonstrated © “ that with shear specimens it 7 
was possible to reproduce the stress-strain curve ie 
ver and over again if the crystal was heated to ie 
400°C after each test. The scatter in yield stress 7 
observed in a series of tests on a single specimen 

was usually less than half as much as would be 

obtained from the same number of carefully selected - 

separate specimens 

It was necessary to determine whether similar re- fe 

producibility also could be obtained with kink speci- G 

mens. In this kind of specimen, the gage section was 

terminated by a pair of edge dislocation boundaries ee 

which continuously increased in angular magnitude —— <4 i 
throughout a series of tests and might therefore xa ,” 7 
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right angles to the active slip direction was the first 


nf J | type of substructure to be studied. In this case the 
i 1! dislocations forming the boundary array all had 
rrr the same Burgers vector as the dislocations con- 
; rest V/V) tributing to the strain. Fig. 8 shows the effect of in- 
{ i” troducing a pair of such boundaries on the stress- 
r ECTION A M4 strain curve of a kink specimen. The base curve, as 
represented by the shaded area, was obtained before 
| ' ] the boundaries were introduced; the crystal was an- 
| f f) i nealed at 400°C between tests. The boundaries were 
ee ae then formed by gripping the specimen at the inner 
Fig. 7—This type of specimen was used for introduction of o set of notches and shearing the crystal a predeter- 
pair of simple tilt boundaries of controlled angle through the mined amount at liquid nitrogen temperature; the 
test section pecimen was then annealed at 300°C. The stress- 
ey ae a a train curve fell exactly in the center of the shaded 
area enclosing the initial stress-strain curves. There 
the boundaries.* The same specimen was then an- 
‘ e 400 resulted in a we ver, the oan 
‘ rit? thre ‘ ‘ f the tre -strain ke that a | sndarie 

eT 400 inneaiing tem- 7s owe 
oe rm nably certain that nearly the nealed at 400°C and a second stress-strain curve was 
heen obtained if a 300°C obtained. A 22 pct increase in yield stress was then 
tead. All annealing wa observed. The experiment showed that a pair of 
in here. Two standard edge dislocation boundaries had an almost negligible 
hr at 400 ( r<énr at 300 ec strengthening effect unless the crystal containing 
ture was accomplished by the boundaries had been heated to a temperature 
. ace, which resulted close to the melting point prior to testing. Another 
t PS All interesting feature of these curves was the constant 
temperature of 78°K value of the strain hardening coefficient; the pres- 


ence of substructure affected only the yield stress 


Experimental Results 
, and, in some cases, the sharpness of the yield 


: yaad The relationship between boundary angle and 
wis 
trengthening effect was investigated with the same 
7 type of kink specimen. Fig. 9 shows the results ob- 
| 
| 
Fig 8—Effect of annealing temperature on the strengthening 
due to o pair of 1* edge dislocation boundaries. Shaded ares Fig. $—Stress-stroin curves from a single specimen show the 
shows the limits of scotter for four tests on the specimen be effect of introducing a pair of pure tilt boundaries of con 
fore imtroduction of bowndories. Annecling tempercture wos trolled angle. The crystal was annealed at 400°C before each 
400°C. Triangles: after introduction of o pair of 1° bound test ond the temperoture of testing wos —196°C. The shaded 
aries ond on anneal at 300°C Circles: some pair of bound orea shows bond of scatter for three tests on the specimen 
ories ofter on anne! at 400°C before introduction of boundanes 
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Fig. 10—Curve indi 
cotes mecrecse 
yield stress os o 
function of boundary 
angle for a pair of 
simple edge disloco 
tien boundaries an 
nealed at 400°C 


tained with boundaries of various angles. All of the 
tests were an anneal at 400°C. The 
crystal used for this series of tests was initially quite 
relatively low 


preceded by 
perfect, as evidenced by the base 
yield stress and the small amount of scatter for the 
first three tests. Yield-stress increase as a function 
of boundary angle is plotted in Fig. 10. The yield 
rose rapidly at very small boundary angles 


but appeared to saturate by the time an angle of 1 


stress 


had been reached 

Results for an Array of Screw Dislocations 
effect of twisting about an axis normal to the 
thus introducing screw dislocations into th 
shown by Fig. 11. The number 


equence of the tests 


plane 

(0001) planes is 
opposite the curves indicate the 
300°C annealing was used for the 
for the first two curves after twisting 0.11” per mn 
Unlike the 
had a significant stren ’ g effect 
300°C annealing. After twisting, the 
poorly defined with the linear part of the curve 
only being reached after a strain of 0.006. Again, as 
no change in the 
curve was observed. 400°C 
additional increment of 
the third cu 


base curves and 


edge dislocation arrays, the screw array 


even after 


vield was 


in the case of edge arrays, slope 
of the linear part of the 


annealing produced an 


rengthening as shown by 
11° twist. The increase 

ist angle is plotted in ! ion | 
boundaries. A 


lowed by 


analogous that obtained 


sharp rise for small angle wist 1 ‘ 


decreasing increments gthening effect for ad- 


ditional increments of 


Discussion 
each oj the tests, the were in the 


the sense that they had beer 


Prior t 
annealed condition in 


ble 


heated to a temperature clo the melting point 


The annealing treatments were ifficient to accom- 


sh complete recovery ir homogeneously de- 


formed specimen heref although parts of the 
pecimen underwen l ic deformation during the 
ntroducti f th j bst: res, ij an be 
assumed 
was removed by 

} ices were those 
itions which made up the 
measurement of boundary angle in the case of 


tilt b ries, it possible from geometrical 


considerations alone to calculate the spacing be- 
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Fig. 11—Effect of twisting about an axis normal to the slip 
plane on the stress-strain curve is illustrated. Numbers indi 
cate sequence of tests 


tween the excess dislocations of the same sign which 
make up the Similarly, in the 


twisted crystal if the twist 


boundary case of a 
angle per unit length 
density of excess 
dislocations of fixed by 
However, the p! ise distribution of these 


along the twist axis is known, the 
screw the ame sense is 
geometry 
ible parallel slip planes 


Since 


dislocations among the pos 
cannot be determined by any available means 
climb of edge dislocations becomes po ible at high 
temperatures, it is reasonable to assume that « hange 
in vertical distribution occur during annealing. How- 
f annealing 
wthening eff 


irable t 


some experimental evidence that changes in 


ever, in view of the importance o 


ature in determining the tre 


I 
seemed dé 


given substructure, it ' 
bound 
ary structure actually occurred annealing 
temperature employed 

The following experiment 
tical redistrib 


wh a zinc crystal ‘ i to 400 


that ver 
boundal 
does occu! 
Fig. 13 


bend plane wa 


describes the expe 
formed at! 
slip having 

the bend plane 


lv obse 


lox al 


rvable 
intersection 

with the end 

ble in 


Fig. 12—Curve shows 
increase yield 
stress os o function 
of twist angle 
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ij 
dd | 
iad | 
t angles to [2110] by 7 
[2110]. The intersec- 
tior thy (0001) surface 
The position of the bend plans ae 
the (1120) irface coincided a 
Sip Marking which were vi - 
ally deformed part of the crystal 
/ 
/ 
2 10 / 
a 
| 
| 
> 
ANGLE TWiST - DEGREES PER me 
— 


(000) PLANE 7 } Fig. 13 — Diegrem pile up on each active slip plane before a slip ava- 
shows fermatics of © lanche can break through, then the same simplified 


? - wor Wee smal! ong'e boundary model referred to previously gives 20 to 200 disloca- 

ae | by locelized sheer tior depending on boundary angle, as the maxi- 
strain. Intersection of mum number of piled-up dislocations. Consideration 

boundary with (1210 of the details of the growth of visible slip bands 

, SLIP MAREINGS surfece os seen on suggests that sufficient stress concentration to pene- 
"se cleavage face coin trate the boundary should always be present at the 

s10€ view yma, Picola tip of an advancing band of slip. On the basis of a 

barrier model of the strengthening effect, it is also 


on (1210) surface difficult to understand why the yield was sometimes 
irect fter formation, the boundary was diffus« »bserved to be just as sharply defined when bound- 


were present as it was before any had been in- 


in being harp bend, it was a narrow aries 
’ rh d —r ition of slip as shown troduced, Fig. 9. The two curves were sometimes 
kings on the (1120) surface required parallel beyond a strain of 0 0001 although the yield 
had a structure like that pictured tress differed by 25 pct. It would be more reason- 
othe a able to expect yielding to occur at approximately the 
same stress and to be followed by rapid strain hard- 
ware te in ening when a boundary was present until stress con- 
ne anne { its component dis- ce ntrations could build up at the barrier. This type 
stions remaining in thei: of behavior was observed, for example, in the 
twisted crystals, Fig. 11 
he +} narkings a een 
ce would either extend or con- Summary and Conclusions 
pe g on the direction of the motion of the Two simple types of dislocation distribution were 
If the other hand, the dislocations introduced into zinc crystal specimens and the effect 
tribute themselves vertically of each on the stress-strain curve was investigated 
paced array such as Fig For simple edge dislocation boundaries lying at 
; the boundary, then the slip right angles to the active slip direction, a quantita- 
terminated at the ginal position tive study of yield stress as a function of boundary 
i na inchanged by the angle was made. The presence of a pair of 0.05 
lot f th egu y spaced array would mple edge dislocation boundaries across the gage 
iced ste] n the surface ection of a specimen caused a 25 pct increase in the 
the n pe. Fig. 15 yield stress. Further increases in boundary angle 
the e wher boundary was were accompanied by smaller increments in strength- 
at temperature f 400°C. The ening effect. A saturation value of about 50 pct in- 
| emained unchanged as the ease in yield stress appeared to be approached for 
tr naar’ nangea boundary angles above | 
f ts mean that after annealing at 400°C For a given boundary angle, the strengthening 
fia which were esent i have a struc- effect was determined by the temperature at which 
ached gular array. However the specimen containing a boundary had been an- 
nknown det f the distribution nealed. A pair of 1° boundaries introduced by plas- 
xtreme mportant. For example, if tic bending at liquid nitrogen temperature produced 
to f vw one of the d ation lines no strengthening at all if the crystal had been heated 
t bable that every often nly to room temperature, very little strengthening 
‘ ‘ , the line stepped from one if heated to 300°C, but a large increase in yield 
1 plane of atoms to the next parallel one tress if heated to 400°C 
these me init length of disloca- An array of screw dislocations was introduced into 
halt in important factor in deter- the (0001) planes by twisting about the c-axis 


o—Immedictely after 
formation by local — 
be at- ized shear strain at 

low temperature 


b—Change in struc 
ce those ture of boundory after 
then ti trengthening effect should heating to 400°C — 


4 
than a few degrees.” The resul 
xed lev TY linea ty at bour larv 
ng hich were or ‘ tion of a degree. Fur- 
thern f the boundary is nsidered 1 local Fig. 14—Change in structure of a bowndory on heating to a high 
barrie: ainst which a number of d cations must temperoture ss illustrated 
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1 
I tative ilt that unannealed boundarie s 4 —~ 
thos or been annealed at w tem- 
er hening effect is 
esult howeve e difficult to 
t? tre | boundary tructure 
‘ p. F xample f the 
= 
‘ ‘ ary =~ 
= 


o—Diffuse boundary formed at low tempero 
ture as indicated in Fig. 13. Arrow | points to 
0001) surfoce, arrow 2 to common edge, and 
orrow 3 to (1210) surface 


as a function of angle of twist gave resi 


smaller dependence on annealing tempe 


observed for this type of array 


Two further qualitative observations 


mon to most of the tests: 1—No change i 


of the linear part of the stress-strain cur 


served. 2—The yield was usually not as 


macroscopically 


strain accompanied by rapid strain har 


4 
This was not alwavs true for the case of 


ening effect as the complex array studiec 


5—Climb of dislocatior joes occur in 
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Fig. 15—Three parts of the figure show experimental evidence for dislocation climb in zinc. X100 


Quantitative measurements of strengthe 


fect crystals; appreciz 


hardening of hexagonal crystals is due to a proce 


b—Motion of the boundary after heot c—Further motion of the boundary 
ing to 400°C. Since visible slip mark 
ings on (1210) surface are unchanged, 
dislocations must have rearranged them 
selves vertically by climb as indicoted 
in Fig. 14 before the boundary started 
to move 


ning effect work was completed during a period of summer! 
ilts simular employment 


to those for simg le edge dislocation boundaries: the Discussion of this paper, if any, Ww ill appear in 
first small increment of twist angle produced the JOURNAL OF METALS, November 1955, and in AIME 
largest increment in yield stress. A somewhat Metals Branch Transactions, Vol. 203, 1955 
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Creep Deformation of Magnesium at Elevated Temperatures by 


Nonbasal Slip 


During the creep of coarse-grained polycrystalline magnesium at elevated temperatures, 
a nonbasal type of slip was found to play an important role in the deformation processes. 
The nonbasal slip traces were examined metallographically in eight specimens (13 grains 
and the observed glide plane located stereographically for each grain. The tests were run 
at 500° and 700°F at stresses of 148 to 786 psi. Based on these measurements and theo- 
retical calculations, the crystallographic elements for nonbasal slip were determined. 


W etal def t p, the nventional toe by basal slip in the close-packed direction 
© of tn the surface olf 1120 This type of slip has the conventional ap- 
t of straignt iit : the be pearance of straight lines and is governed by the 
i-Cul meta as Tor €x- critical shear-stress law. Schmid and coworkers 
I howed that basal slip was operative in the temper- 
e met governed by the ature range of —185° to 300°C (—300° to 572°F) 
ar str Work by Servi, Norton, and Grant* has shown 
the creep of coarse-grained aluminum 


slip systems come into 


anew nign 


Ww 


ewhat I e com} ited thar yperation. The existence of 


‘ at ine ol tem at temperatures greater n 225 ( 
i pack lirection and (437°F) for magnesium was suggested also by 
the formation of wavy ana irregu- Schmid.’ This was later indicated by Bakarian and 
‘ m the face. The recent reviews and Mathewson’ to be slip along the pyramidal planes 
* 1011} in the close-packed direction <1120>.* They 


‘ 


tnese meta that the sirection nvariably bserved that this kind of slip resulted in irregular 
, ane Wevy arking yn the specimen surface According to 
‘ * = then), a possible cause for the appearance of the 
haring markings was due t limited accessory slip on the 
— pyramidal {1012} planes.” Burke and Hibbard,” on 
; . os lef ng a single crystal of magnesium at roon 
‘ 
. ' - temperature, found evidence of slip on a pyramidal 
plane {1011 They explained it as being due to the 
effect of grip restraints 
A CHAUDHURI, H CHANG, Associcte Member AIME, ond grip restrain 
nertir nt te not thic no though 
NJ. GRANT, Member AIME, ore Research Associote, Staff Member It is pertinent to note at this point that, althoug 
Div. of Industria! Cooperation, ond Associate Professor, respectively asal slip has received a fair amount of atte 
Dept. of Metollurgy, Massachusetts Institute of Technology, Com ynly two specimens have been investigated, that of 
bridge, Mass Bakarian and Mathewson and of Burke and Hibbard 
Discussion of this paper, TP 3926E. may be sent, 2 copies, to to establish the elements of nonbasal slip in mag- 
AIME by July 1, 1955. Manuscript, Aug 6, 1954 Chicago Meeting nesiun 
February 1955 During the study of the deformation mechanisms 
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Fig. |\—Examples of non- 
besa! slip traces, grain 
32-1. Inclination of ob- 
servation plane to plane 
containing both the slip 
direction and the axis of 
tension. Axis of tension 
is vertical. a, flot refer 
ence surface, 22°; b, 6°; 
¢, 57°; and d, sche- 
matic drowing showing 
the traces on these three 
surfaces. X50 


of magnesium in creep at high temperatures, Chaud- 
huri, Grant, and Norton” observed that one of these 
mechanisms was by nonbasal slip. The nomen- 
clature of pyramidal slip was given to these mark- 
ings on the basis of the similarity they bore in 
appearance to those observed by Bakarian and 
Mathewson. Roberts” also has observed this nonbasal 
type of slip. The extreme irregularity of these bands 


seemed to suggest that it was unlikely that slip 
occurring on a single plane of atoms could result u 
traces of this type. It was felt that their appearance 
could be more successfully rationalized by using 


arguments similar to those that have been used to 


explain the nature of the markings in the body- 
centered-cubic metals 

Because this type of nonbasal slip plays an in 
portant role in the creep of coarse-grained poly- 
crystalline magnesium at high temperatures, it was 


decided to study it in greater detail 


Experimental Procedure 

The magnesium studied in this work was supplied 
by the Dow Chemical Co. and was of 99.972 pct 
purity. The originally round specimens had paral- 

| flats milled on opposite sides for the purpose of 
metallographic examination. The test bar ends were 
threaded to fit the specimen holders. The test zone 
had the dimensions of 1x3/16x7/64 in. The average 
diameter of the grains examined was about 2 to 3 
mm and was attained by annealing at 1100°F for 
about 15 hr. The specimens were polished electro- 
lytically in a solution of orthophosphoric acid and 
ethyl! alcohol prior to deformation. Direct loading of 
the specimens was used. The details of the prepara- 
tion and testing of the specimens have been reported 
previously.” The specimens were deformed in air, 
but the resulting oxidation was only slight. This 
lead to the formation of small oxidation pits dis- 
tributed both randomly on the surface and also pref- 
erentially along zones of deformation 

Polycrystalline specimens were used in this work 
but only those grains which occupied nearly the 
whole of the cross-section were selected for analy- 
sis. Micrographs at X50 were taken at several 
azimuthal positions around the specimen axis. The 
angles made by the slip traces to the axis of tension 
were measured from these micrographs. The amount 
of rotation was measured with respect to one of the 
flat surfaces of the specimens and was determined 
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by means of a protractor attached to the specimen 
holder and axially aligned with it. Since the speci- 
mens were not round in their cross-sections, the 
entire circumference of the specimens could not be 
examined. The orientations of the grains were de- 
termined from Laue back-reflection X-ray pictures 
which were taken on the deformed specimens. In 
most cases the breaking up of the Laue spots into 
streaks was small (2°) and they did in no case 
exceed 5 In plotting the zones, the hyperbolae 
passing through the centers of the streaks were used 
Consequently, the true orientations could be of the 
order of +2%° from the measured ones. The angles 
made by the slip traces were transferred to th 
stereographic projections 

A glance at the micrographs (Fig. 1) will show at 
once that the slip-band traces are very irregular In 
appearance. Although the bands are wavy, they are 
in general, more or less parallel in any one grain 


Grains in which too much branching and forking of 
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Fig. 2—Projection of grain 48-3, showing location of observed glide 
plone. GP stands for pole of glide plane; SD. |}, 1120 slip 
direction in glide plane; MS, pole of maximum resolved sheor stress 


plone on effective <1120> zone; ond T, tension axis 
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Fig. 3—Orientations of grains studied 
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amounts to the flat surface represented by the basic 
rcle. The great circle passing through these dots is 
the observed glide plane, and its pole is shown as 
;}P. For this grain, it will be seen from Fig. 2 that 
the scatter of the trace directions about the observed 
ide plane was not at all large. In most other cases, 
the scatter was such that the angular distance be- 
tween the pole of the glide plane and each of the 
trace directions was within 90+7°. A possible reason 
for the comparatively large amount of scatter in the 
latter measurements is given subsequently, and it 
will be shown that it is not so much a question of 
error as it is of something latent in the nature of 
this mode of deformation. This reason also will ex- 
plain the wavy appearance of the bands 
Table I shows the test conditions for the speci- 
mens. All the specimens except specimens 31 and 32 
were deformed at 700°F. These two were deformed 
at 507° and 470°F, respectively. Specimens 31 and 
were deformed to fracture. The grains selected 
from these specimens for examination were, how- 
ever, quite far from the fracture zone, and a metal- 
graphic study of these grains indicated that the 
everity of the deformation in the fracture zones did 
not spread to the grains 31-1, 33-2, and 33-4. In 
pecimen 54 the whole gage section was practically 
ipied Dy one grain 
The orientations of the crystals used are shown in 
Fig. 3. The concentration of the orientations to one 
mall region will be noted at once. This resulted be- 
cause the coarse grains, grown from the smaller ones 
in the extruded rods, retained orientations not far 
removed from the original preferred orientation, 
namely, one in which the basal planes are nearly 


aralle! to the axis of extrusion. As will be shown 


later, this particular orientation effect was not only 


beneficial, but also very necessary for this investi- 


Experimental Results and Discussion 

In determining the glide plane, it usually suffices 
to measure the angles made by the slip traces with 
respect to a particular direction on two surfaces at a 
known angle to each other, the particular direction 
being common to both surfaces. In view of the fact 
that the slip bands studied in this work were wavy, 
rement of the angles made by the traces on 
re than two surfaces was performed, since this 


resulted in greater accuracy 


b 


Fig. 4 Nonbeso! traces in gram 33.4 Inchmetion of 
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observation plone to plone containing both the slip direction and the axis of ten 
sion. Axis of tension is vertical. o is fot reference surface, 54°; 6, 23°; 12°; d, 2°; 5°. 15°; g,—25°; and h, —36*. X50 
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Table |. Test Conditions 


Number 
Specimen of Grains Stress Elongation, Deratien, 
Ne Studied Psi Pet Mr 
31 1 670 To fracture About 330 
32 1 786 3.7 717 
3 2 426 To fracture About 9 
3s 1 392 1 17 
48 3 148 46 66 
51 3 178 5.7 181 
52 i 7 29 29 
i 173 49 27 


Metallographic Observations: Fig. 4a to h shows 
the traces of the slip bands on the surfaces of grain 
33-4. Fig. 5 is a stereographic projection of this 
grain. Each encircled dot represents the average of 
the experimentally determined angles between the 
tension axis T and the slip traces on a surface of ob- 
servation. The inclination of the observation sur- 
face was measured with respect to a reference sur- 
face (one of the flat surfaces of the specimens) and 
each surface of observation also was parallel to the 
tension axis. The best great circle passing through 
these points is therefore the observed glide plane, 
and its pole is shown as GP. The slip direction of the 
type <1120> situated closest to the glide plane is 
shown as SD. This typical example shows that the 
pole of the observed glide plane lies very close (1°) 
to a <1120> zone and is situated between the poles 
of a {1010} prismatic plane, 1, and a {1011} pyra- 
midal plane, I. This pole also lies close (1°) to the 
pole of the maximum resolved shear-stress plane on 
this particular zone. The latter pole is indicated as 
MS in Fig. 5 and is located at the intersection of 
this zone and the plane containing both the axis of 
tension and the slip direction. Also evident is the 
fact that the glide plane pole does not coincide with 
the pole of any low index, and therefore densely 
packed, plane. Fig. 6 shows the location of the glide 
plane in the single crystal 54-1. It will be seen that 
the relationships of the pole of the glide plane to the 
various other poles are, in general, the same as those 
of the pole of the glide plane in grain 33-4. It is 
found again in this grain that the observed glide 
plane pole lies very close to the maximum resolved 
shear-stress plane pole, MS. Table I shows, for all 
the grains examined, the locations of the poles of the 
glide planes with respect to the « 1120> zones closest 
to which they are situated and, also, to the poles of 
the pyramidal {1011} and prismatic {1010} planes 
between which they lie. The following observations 
can be made from this table of results 

1—-The observed glide plane pole does not coincide 
with the pole of any low index plane 

2——-The observed glide plane pole is close to a 

1120> zone. The maximum distance was 4 

3-—-The observed glide plane lies between a pris- 
matic plane {1010} and a pyramidal plane {1011 
though ‘ loser to the former 

4—The angular distance between the glide plane 
pole and the {1010} and {1011} poles is not constant, 
indicating that no unique glide plane can be assigned 
to this type of nonbasal slip 

No attempts were made in this work to determine 
the slip direction by determining the rotation of the 
specimen axis after deformation. Others’* have 
found that the slip direction is invariably of the 
close-packed-type <1120>. The fact that there was 
only one such slip direction situated very close to 
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the glide plane left no ambiguity in the choice of 
slip direction. 

It was found that the appearance of the slip traces 
was not a constant feature on every surface of ob- 
servation on a specimen but was, in fact, dependent 
on the angle made by the surface of observation to 
the slip direction. A series of traces shown in Figs 
4a through 4h obtained from grain 33-4 illustrates 
this point very clearly 


Table ti. Location of Pole of Observed Glide Plane 


Distance of Pele of Observed Glide Plane From 


Maximem 
Clesest Slip Resolved 

Grats Direction Shear Plane 
31-1 87 27° 3 
32-1 7 24° 5 3° 
3-4 16% 10%* 
39-1 87" 27° 3% ad 
48-1 86° 10 
48-2 86" 6%" 
48-3 85° 12° is* 5° 
51-1 26° 3 5%" 
51-2 87 25% 4%" 
51-3 86 23° 5‘ 6%" 
52-1 87 24's 6 4 
S41 86 22° 8 4 


Fig. 4d shows that when the surface of observa- 
tion was almost parallel to the slip direction, not 
only were the traces the sharpest of the series, but 
also there was only one set of parallel traces. This 
fact is important in that it indicates that only one 
slip direction, one of the close-packed <1120> direc- 
tions, is involved in the formation of these bands 
Hence, it is reasonable to suppose that the glide 
process is due to the cooperation between planes 
sharing this same slip direction and that planes 
having other slip directions do not take part in thi: 
process, at least not to any significant extent. In 
other words, the planes taking part necessarily be- 
long to the same zone. Since all the planes of a 

1120> zone intersect along a line, which is the slip 
direction, all the planes (of the zone) would each 
make the same trace on a surface parallel to thi 
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Fig. 5—Location of glide plane in groin 33-4. GP is pole of glide 
plane; SD. 1, <1120» slip direction im glide plane; MS, pole of 
moximum resolved shear-stress plane on effective 1120 > zone 
and T, tension oxis 
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the trace would be criterion used te determine the ease of slip along a 
The sharpness of th plane is that of the surface atomic density of the 
plane. An indication of the particular planes of the 
1120> zone participating in the slip process is ob- 
tained by considering the atomic densities of the 
more important planes of this zone 

Table III shows these values. It is evident that the 

atomic density of the basal planes is much higher 

than those of the other planes. The pyramidal {1011 

he prismatic {1010} planes have values which 
te close to each other, while that of the pyra- 

lal plane {1012} is much less. The slightly higher 
lic density of the prismatic planes suggests that 
iterion of the degree of close packing is the 

one to determine the ease of slip, then slip on 
rismatic planes should be easier than slip on the 
al planes {1011}, the orientation of the 

ing suitable 

ration of the interplanar spacings for these 
introduces some uncertainty in this reason- 
Due to the presence of the centered atoms, the 
agonal-close-packed structure may be consid- 
as being composed of two interpenetrating 


hexagonal lattices. Fig. 7 shows a hexagonal 


lattice viewed in a <1120> direction and illustrates 


traces of the basal, the two pyramidal 1012 


1011}, and the prismatic planes {1010} ona 
plane. It is apparent that, whereas the basal 
are uniformly spaced at intervals of c/2, the 

planes are not. The ratios of the nonuniform 
1/3:2/3, 1/6:5/6, and 1/3:2/3 for the 

1012}, {1011}, and {1010}, respectively 
nonuniform spacings and the spacings that 

ould result if the centered atoms are not considered 
lso shown in Table III. It is obvious that the 
ntered atoms are essential in any consideration of 
in the hexagonal-close-packed metals; and 
the largest interplanar spacing listed for 
h plane (that value obtained by not considering 
ve centered atoms) does not have any significance 
sequently, in addition to the surface atomic den- 
y for a plane, the nonuniform interplanar spacing 
nust also be taken into account as a factor in deter- 
nining the plane for slip. Chalmers and Martius” 
considering, in effect, these arguments have at- 
tempted to rationalize the nonoccurrence of pris- 
matic slip and the occurrence of pyramidal slip in 
magnesium. On the other hand, Rosi, Dube, and 
Alexander have suggested that prismatic slip 
should be possible in magnesium. Thus the prefer- 
ence of the one slip system for the other is still in 
question 
There is no doubt that slip along the basal planes 
as the predominant slip system in magnesium 1s 
supported from considerations of both the atomic 
densities and the interplanar spacings. Due to the 


are a 


spacing of the planes of the 

the choice of the slip system (with a 
slip direction), which is next likely to be operative 
is not quite as unambiguous. However, when basal 
slip is not possible, it is reasonable to assume that 
the systems {1011} <1120> and (1010 1120> are 
the next most favorable systems on which slip is 

likely to occur 

Res ed Shear-Stress Considerations The pos- 
sibility of slip along these planes is enhanced by a 
consideration of the resolved shear stresses along 


these planes and the critical resolved shear stress for 


Fig. 6—Locotion of glide plone in grain 54-| slip 
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Bakarian and Mathewson’ obtained values of 400 
and 65.5 g per sq mm, respectively, as the critical 
resolved shear stresses for pyramidal {1011} and 
basal slip in magnesium. Their values were obtained 
for magnesium of a purity similar to that used in the 
present work and at a temperature of 330°C 
(626°F). Therefore, for pyramidal slip to occur, the 
orientation factor (cos @ COs A, W here @ and A are, re- 
spectively, the angles made by the normal to the 
plane and the slip direction in the plane to the axis 
of tension) of the pyramidal plane must be about 
six times as high as that of the basal plane The 
critical resolved shear-stress values for slip along 
the prismatic {1010} and the pyramidal {1012} 
planes are not available, slip not having been ob- 
served to take place along these planes. However, 
since the atomic densities suggest that slip will oc- 
cur at least as easily along the prismatic planes as 
along the pyramidal {1011} planes, it can be as- 
sumed that the critical resolved shear stress for 
prismatic slip will be about the same as that for 


pyramidal {1011} slip 


Table Hl. Atomic Densities and interplanar Spacings in 
Magnesium (c/o, 1.624) 


Place Atemic Density Interplanar Spacing. A 
2 c/2 2.605 
(0001) 0.114 5.21 
ac\/3 
0.633 
6, 3a 
1012 wy 3 
004'2 1.266 
Be 
J3 
1.900 
2, 3a 
2 3 
0.408 
6, 3a 4 
2 3 
oll 0 0528 204 
2.45 
3 + 
3 
0.928 
6 
I 3 
1010) 0.0597 1.856 
3 
3 
2.784 
2 


The orientation factors of the 1011} and the 
1010} planes, which share the active 1120> sli 
direction and are closest to the operative glide plane, 
were at least 5 to 6 times as high as that of the basal 
plane in every specimen. This is approximately the 
relative value of the orientation factor required for 


pyramidal slip to occur in preference to basal slip 


on the basis of the Bakarian-Mathewson values. The 
values of the atomic densities further suggest that 
if pyramidal slip cam occur then prismati sig 
should also occur, either to the exclusion of, or in 


addition to, pyramidal slip. It should also be noted 


that the planes sharing the active <1120> slip direc- 
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Fig. 7—-Projection of atom positions on {1120} plane showing traces 
and interplanar spacings of (0001), (1012), {1011}, and {1010} 
planes. Magnesium c/a = 1.624 


tion (that which lies closest to the observed glide 
plane) have higher orientation factors than the other 
similar planes containing either of the other two 
available slip directions 
In the three grains of specimen 51 although the 
1011} planes, closest to the respective observed 
glide planes, had slightly lowe values of resolved 
shear stresses than the other {1011} plane in each of 
the effective 1120> zones, the values of these re- 
solved shear stresses still fulfilled the requirement 
of being at least 5 to 6 times as high as those along 
the respective basal planes The position of the 
observed glide planes could well be due to the fact 
that the two {1011} planes on the effective <1120 
zones were nearly equally inclined to the individual 
axes of tension. It is felt that the behavior exhibited 
by these three grains does not contradict the mech- 
anism of this type of slip process to be postulated 
Thus when basal slip cannot occur, it is suggested 
that a nonbasal type of cooperative slip between the 
1011} and the {1010} planes will take place Of 
course, this does not exclude the possibility of other 
planes of the effective 1120> zone from participat- 
ing, but it is expected that their function would be 
relatively small in extent when compared to those 
of the former two. Slip deformation along the 
(1012) planes is not likely, not only because these 
planes are less densely packs d. but also because the 
orientations of the crystal tudied were such that 
the {1011} and the {1010} planes were more suitably 
oriented 
Nature of the Bands: Table II shows the angular 
relationships between the glide plane and the maxi- 
mum resolved shear-stress plane, the prismatic 
te 


1011}, and the pyramidal {1011} planes (closest to 
the operative glide plane) for all the specimens e€x~ 
amined. Two facts emerge from this table. First, as 
has been stated before, the operative glide plane 
lies between prismatic and pyramidal planes, {1010} 
and {1011}, respectively, and second, and of greater 


importance, the observed glide plane invariably lies 
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unlikely that this type of deformation would be 


exhibited at room temperature, since the highe: 

train rates can be more easily accommodated by 
twinning or kinking 

Summary 

A nonbasal type of slip resulting in the forma- 

t of wavy traces, unlike the straight bands of 

re conventional basal slip, was found to occur 

fair extensively during hot creep of magnesium 

2—-The appearance of these traces was dependent 

on the angle between the surface of observation and 

the plane containing both the axis of tension and 


When these two surfaces nearly 
coincided, only one set of straight parallel traces 
een and the traces the 
specimen was rotated away from the latter surface 
These facts indicated that only one slip direction 
was involved in this type of slip process and that 
than one plane was taking part in it. These 
would necessarily be planes belonging to the 
and they were indicated to be the pyra- 
of the 1011} and the prismatic 


the slip direction 


were became coarser as 


pianes 


ame zone, 


idal plane type 


ane of the type {1010} 
This cooperative form of slip between at least 
two planes also follows from considerations of the 


densities and the resolved shear 


atom 


riact 


4—The observed glide plane did not coincide with 
ny low index plane and was nearly parallel to the 
maximum resolved shear stress 


piane of 


i—The fact that more than one slip plane was 
taking part indicated that the slip plane was, in 
eality, a corrugated surface formed by suitable 


amounts of glide occurring in a consecutive manner 
along the cooperating planes so as to form a corru- 


ed surface which was nearly parallel to the plane 
shear 


of maximum resolved stress 
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Impact Transition Temperatures of Some Pearlite-Free Mild Steels As 
Affected by Heat Treatments in the Alpha Range 


H. P. Tardif ( 


Canadian Armament Research and De- sults. One point which, however, might not have 
velopment Establi 


hment, Quebec Mr. Josefsson is to received proper attention is that of the shape of the 
be congratulated for his study of a most difficult sub- stress-strain curve at the yield point of quenched and 


ject and for the theories proposed to explain the re- furnace-cooled specimens and of specimens strain aged 
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Fig. 18—Stress-strain curves of quenched and strain-aged mo- 
teriol, stretched 5 pct after quenching from 720°C and strain 


t I j quenched fron irbon atoms in solution will prevent movement of the 
Mr. Josefs- lislocations and raise the transition temperature 

nd a ld-point elonga- It would be most interesting to compare the distribu- 

4 t ning and aging the an- tion of carbides shown in Figs. 10, 12, and 13 with that 

[ eld-t t elongation is shown ybserved in the same specimens after strain aging. It 

aft ertalr engt! i tirme expected that the carbides would break down as 

‘ carbon and move to the dislocations 

‘ e of the pr Ake Josefsson (author's reply The interesting con- 
t tf t fT ! ind/or nitro tribution by Mr. Tardif is highly appreciated Accord- 

f the senche pe er ng to t! author’s experiences, the yield point after 

point even after yuenching from 700°C is in some cases conserved, in 
\ tior f thi thers eliminated, depending on carbon content, grain 
‘ theory can é wling rate, and aging treatment. In general, the 
yield-point elongation is eliminated in steels with car- 
catior DY bon contents higher than say 0.04 pct, in agreement 
i t ‘ t ent f Mr rdif. Steel E, however, 
j f juenching in oil from 700°C, had a definite, al- 

though not vé pronounced, yield-point elongation 
! ' <pr by Wu- Another steel with 0.048 pct C and 0.22 pct Mn, showed 
45 1 f et i ked, ar i clear yield point if tested directly after quenching 
t f pe f é Before but a smooth stress-strain curve, appreciably displaced 
t precipitated toward higher stress values, if ficially aged at 
n stet 100°C (3 to 27 day before testing. The displacement 
te ator : obviou the consequence of a precipitation harden- 
ng due to carbon, but then the disappearance of the 
t Id point must follow a decrease in the quantity of 
If | pitate a bide irbon in solid solution. The following explanation ts 
' of the ‘ iggested: The yield-point phenomenon is assumed to 
In tl t sused by Frank-Read sources giving off dislocation 
t! matrix, rings at a lower shear stress (lower yield point) after 
part f ate? having themselves been created during the faint “pre- 
t er issed na ieformation when the locking action of 
: © of | tor nterstitial atoms raise the critical shear stress (upper 
7 tior yield point).” In order to give a yield point, these 

i ocation rings must be able to pass over 

r slip plane without being appreciably hindered by 
‘ tack otherwise they will be stopped until the 
t " tress has increased a certain amount over the 
I t t xe that was sufficient to activate the Frank-Read 
irce. In the case mentioned where the yield point 
t ppeared after aging, finely dispersed carbide 
f f precipitates acted as such obstacles. (This dispersion 
probat t identical with that which was proposed 
us a cause for the low t ition temperatures.) In 
other words, the strain hardening due to carbide pre- 
Mx cipitate not lute aton sets in at an early point 

and obscures the yield-point elongation 

It agreed that the quantity of carbide in Figs. 10, 
- ; 12, and 13 should, in principle, decrease on straining 
é ’ and aging by the mechanism mentioned by Mr. Tardif 
wn SO MIN 2880 Howeve t has not been possible to verify this micro- 
cop ally Actuall the ferrite is probably so super- 

4 aturated that it car upply the carbon absorbed by 
. the di catior without dissolving perceptible quanti- 


Fig. 17—Stress-stramn curves of annecied and strom-aged ma ¢T K nel Inst. of Metals (1943) 68, p. 397 
terial, stretched 5 pct after annecling and strain aged at Dislocations i Mechanical Properties. Disloca 
‘ Metals 1954) Ed. by M. Cot p. 68. New York AIME 
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Investigation of the Heat Treatment of Commercial Titanium-Base Alloys 


DISCUSSION, O. T. Marzke and W. Finlay, 
Associate Chairmen 


D. L. Day and H. D. Kessler (Titanium Metals Corp 
of America, Henderson, Nev.)—In connection with the 
authors’ discussion of the test results on Ti-150A, the 
discussers would like to clarify several points involving 
the physical metallurgy of this alloy. The authors state 
on p. 583 that “The hardening response of this alloy is 
apparently due to a martensitic type of transformation 
of the 8 phase during rapid cooling.” Recent work at 
several laboratories indicate that the actual quench 
hardening of this type of alloy is associated with super- 
saturated 8 phase which has been masked in the mi- 
crostructures by the martensitic, but soft, «’. The hard- 
ening of the 8 phase on quenching is due either to a 
transition product, s’ formed during the rejection of a, 
or to the actual precipitation of a (the latter mechan- 
ism being associated with lower quenching rates) 

On pp. 586 and 587, the authors discuss a dark etch- 
ing constituent “observed to precipitate from the acicu- 
lar transformed 8” on aging and refer to Fig. 16 for 
evidence. They also refer to the work of Phillips and 
Frey,‘ who suggested that a dark etching constituent 
they developed in Ti-150A was related to the eutectoid 
transformation. It is not clear as to exactly w 


structures the authors are referring when they dlis- 
cuss the “very fine spheroidal particle formed at 
“higher temperatures.” Referring to Fig. 16b, there 


little question but that the fine spheroidal particles in 


the transformed 8 matrix are precipitated a. In the 
same figure, however, are also dark needlelike struc 
tures and these are quite similar to dark etching phast« 
observed by Phillips and Frey. Phase diagram studic 


have shown that the ternary eutectoid reaction is very 
sluggish in both high purity and oxygen-contamir 
Ti-Fe-Cr alloys,’ as the eutectoid could not be identi 
either metallographically or by X-ray diffraction in 

eutectoid for very long 


samples annealed below the 
times. However, more recent work at the Tit 
Metals Corp. of America points to t 
constituents in Ti-150A similar to those observed by 
the authors is connected with the presence of as littl 
as 0.03 pct H. Whether this constituent is a hydrid 


more complex eutectoid whic! 


phase or the ternary or 
is rejected on short annealing time lue to the 
' kinetics has not been ds 
lrogen by vacuum treatment 


bility of producing this 


of hydrogen on reaction 
mined. The remeval of 


completely eliminate 


constituent 
Regarding the age hardening response (at tempera- 
tures from 500° to 1000°F) of Ti-150A previously 


quenched at temperatures from 1650° to 1750°F, the 
authors imply that the precipitation of the dark etch- 
ing phase may account for the hardening. The dis- 
cussers would agree if the authors are referring to the 
fine background phase in Figs. 16b and c which have 
been identified as a, but would disagree that the hard- 
ening is due to the needlelike phase which is associated 
with hydrogen. There is little question but that the 3s 
reaction or precipitation of a from supersaturated § is 
also responsible for the hardening curves shown in 
Fig. 12. 


L. Luini and E. Lee (authors’ reply The authors 
welcome the discussion of Messrs. Day and Kessler of 
the titanium alloy hardening mechanisms and the ob- 
served behavior of the Ti-150A alloy. The heat treat- 
ment work was based primarily on the controlled de- 
composition of the § phase through the use of various 
thermal cycles 

It is likely that quench hardening of the Ti-150A 
alloy is attributable to a transition product defined as 

or to a low temperature §-transformation product 
formed from the alloy-lean § solution treated at high 
temperatures 

The observation that clear etching 8 phase was asso- 
ciated with quench hardening and the appearance of 
the martensitic acicular structure coincided approxi- 
mately with the attainment of maximum quench hard- 


ening was noted in the paper, p. 583 
It has been observed in a heat { 7 pet Mn-Ti alloy 


on which isothermal transformation studi were con 
ducted in addition to continuous cooling tudie that 
water quenching resulted in a structure similar to a 
hard low temperature isothermal product. It appears 
that the quenched hardne of these titanium alloys 
lepend partially on the low temperature transforma- 
tion products as determined by the alloy concentration 
The discussers appear to miss the statement, illus 

trated in Fig. 16, that very fine pheroidal particl 

were described as forming at the lower, not the higher 
temperature Evidently age hardening is related to 
the s° reaction but not necessarily attributable to 


ht microscop¢ 


changes in structure visible with the lis 


It has been observed with a heat of Ti-155AX that aged 


specimen ubjected to different temperatures have 
similar structures. Furthermore tructures showing 
very little change on short aging time have similar 
hardness to those having well defined changes with 
long aging time 
\ e, H. D. Ke iM. Hans Syste 
953) 1 209-1216 


475°C (885°F) Embrittlement in Stainless Steels 


DISCUSSION, W. J. Harris, Jr. and L. D. Jaffe 
Associate Chairmen 


J. F. Brown and B. J. Connolly (Billingham Du 
Imper 11 Chemical Industrie Ltd Bi ngrar Eng- 


land The authors’ postulate of an intermediate body- 
centered-cubic phase of chromium ferrite in the Fe-Cr 


alloys is extremely interesting. A similar chromium 
ferrite has been noted in creep specimens of an 18 pct 
Mo-10 pct Ti Cr-Ni austenitic steel (analysis is given 
in Table IV) which were tested under a stress of 18.0 tsi 
for over 2000 hr. An optical micrograph of the structure 
of the original fully softened bar from which the creep 
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test pieces were machined is shown in Fig. 16 and shows 


ferrite grains in an austenite matrix. The structures 
of the steel after heating for 3340 hr at 500°C under 
tress is given in Fig. 17 from which it is seen that the 
ferrite phase has retained its original form but has 
become biackened completely. Fig. 18 an electron 
nicrograph showing the fine structure in the ferrit 


grains which causes the blackening 
The creep specimen was as magnetic as the original 


bar with about 35 pct ferrite, and X-ray reflection ex 
amination showed that both contained ferrite and aus- 
tenite. The creep specimen was extracted electrolyti- 


cally in 10 pet HCl and gave a nonmagnetic material 
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Table IV. Analyses of 18 pct Mo-10 pct Ti Cr-Ni Austenitic Steel 


Analyses c Mo r cr Ni Me Ti Fe Residue! 


Original stee 4 ‘ 74 7.7 2.84 042 
Pxtr 
rig 6.35 10.8 6.0 43 25 589 69 
Ex rees 
specimen, 3340 t 
at 2 . 29 59 22 52 28.2 6 
*nd is t dete ne 
Residue ses oxides 
- 
* 


original 18 pct Mo-10 steel tested for 3340 
pet Ti steel bor. X500. | ewe oe. he ot 500°C under 
Area reduced approx: stress of 18.0 tsi. X500 


; 
¢ 


mately 35 pct for re Area reduced approxi- 


mately 35 pct for re- 
production 


but phase ‘ etecte Ext ts from the orig Fig. 18—Electron micro 
: : whic! graph of creep specimen 


ibic phase with a cube edge of 2.871A, but it see Fig. 17). Positive rep 
Complete che ul ar es lica, shadowed. X5000 
wit ¢ f entere j 
I se a et 
t nd t iggest 
f f te iv exist at One th 
u and consider a valuable addition to the 
“th pape rheir work provides further proof that 475°C 
entia act na the othe 
ene embrittiement is caused by the formation of a chro- 
mium-rich ferrite and it is interesting to see that this 
phase al curs in the ferrite of duplex alloys aged at 
proba transform harcdne ssaremente that ferrite in 
: , ardn easurements at the ferrite in duplex al- 
i pna : “i was not det cted lov f the 18 pet Mo-8 pet Ti type is susceptible to 
ating A aS 4 C embrittlement and this can now be attributed to 
that +) higt chron in bodv-centere cubis phase the formation f chromium-ferrite 
forms to ¢ after 30,000 hr at 500°C, it is quite pos- There can be little doubt that 475°C embrittlement 
: at the phasé I Mo-10 pet Ti Cr-N is caused by the formation of chroraium-ferrite. How- 
t , , 10ND at at ever, further work is needed to establish the exact rela- 
ent t we f Es nat phase lid be tionship of this phase to the Fe-Cr system. Another 
pet Ti stee ating at point which require further investigation concerns 
‘ the mechanism of hardening by the chromium-ferrite 
eat arte the gina: The author X-ra VOTK naicate ver little lattice 
. . training, which is consistent with the small difference 
ithors are to be complimented on a paper n unit cell size of the two ferrite 
at erat light on the reasor for the 
4. J. Lena I t would like 
to thank Brow Cor for their dis- 97 
Strain Hardening of Latent Slip Systems in Zinc Crystals 
DISCUSSION, W. A. Backofen and W. M. Baldwin The authors are to be congratulated for the simple 
Chairmen elegance of their experiments. For the first time, they 
John J. Gilman (General Electric C Schenectady ) have measured, in a straightforward manner, the effect 
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| - 9 
which X-ra xamination showed tc be mainly body- 
lent ait that fou Fist Du 7; Carroll 


of slip on the behavior of latent slip directions in the 
active slip plane of a crystal. A possible interpretation 
of the results is offered for their consideration 

The interpretation is based on the original Taylor 
model of strain hardening. According to this model, 
one of the causes of strain hardening is the mutual 
blocking of dislocations that attempt to pass each other 
on nearby slip planes. This leads to local “Taylor rota- 
tions” or “Burger’s local curvatures.” It was possible 
to detect these rotations at small strains by means of 
X-rays and at large strains by microscopic observations 
of cleavage planes in zinc. At small strains the rota- 
tions are partially recoverable at room temperature 

It is believed that the slip planes of a strained zinc 
crystal are “corrugated” due to the Taylor rotations 
The ridges and valleys of the corrugations lie perpen- 
dicular to the active slip direction. The corrugations 
are expected to have no effect on the hardness of a 
crystal when the slip direction is changed by 180°. As 
the authors point out, the reduced stress for flow in 
this case is a result of back stresses. On the other hand 
when the slip direction is changed by 60° or 120°, it is 


expected that slip will be difficult because the “corru- 
gations” cannot move over one another without either 
being destroyed themselves or tending to destroy the 
crystal locally. Thus slip in the new direction will be 
resisted. In other words, the production of “corru- 
gated” slip planes is believed to be inherent in the slip 
process. When the slip direction is changed, new cor- 
rugations tend to be produced which lie perpendicular 
to the new slip direction. It can be readily imagined 
that it is easier to produce new corrugations parallel 
to the old ones (the 180° case), than to produce them 
at an angle of 60° (the 60° and 120° cases) 

Unfortunately, a means for stating this interpreta- 
tion in an explicit fashion has not been found. How- 
ever, it has the virtues that it is a natural consequence 
of the Taylor work-hardening model, and that it can 
be partially tested. Since the “corrugations” are be- 
lieved to favor forward or backward motion over side- 
ward motion, there should be a small but measurable 
strain component in the original slip direction when a 
crystal is stressed in the 60° or 120° direction 


Effects of Temperature on the Deformation of Beta Brass 


DISCUSSION, W. A. Backofen and W. M. Baldwin 
Chairmen 

Eric C. W. Perryman (Aluminium Laboratories Ltd 
Kingston, Ont., Canada; present address, Atomic Energy 
of Canada Ltd., Chalk River, Ont., Canada The dis- 
cusser would like to present some results obtained 
the British Non-Ferrous Metals Research Assn. (Lon- 
don) which support Professor Barrett’s conclusions 
For this work an Izod impact machine was adapted so 
that an elevated temperature tensile test could be per- 
formed at a very high rate of straining 

Fig. 7 shows the percentage of elongation as a func- 
tion of testing temperature for an extruded and an- 
nealed binary 8 brass having a grain diameter of 0.4 
mm. It will be seen that the general shape of the curve 
is the same as that shown in Fig. 6 of Professor Bar- 
rett’s paper, except that with the impact tensile test 
the increase in elongation in the temperature rang 
500° to 600°C is small, whereas with the impact hard- 
ness test the hardness appears to be decreasing contin- 
uously in this temperature range. Similar results were 
obtained for a cast § brass having a grain diameter of 
3.9 mm, except that in this case no decrease in elonga- 
tion was observed below room temperature 

Ternary § brasses containing 1 to 4 pct Al were also 
tested. These gave the same type of curves except that 
the rapid increase in elongation occurred in the tem- 


too} 


for 

| 

| 
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Fig. 7 — Binary 
brass extruded and 
= annealed. 

z 
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perature range 500° to 600°C. Fig. 8 shows a typical 
curve for a cast § brass containing | pct Al and having 
a grain diameter of 0.6 mm. Tests were also done on a 
8 brass containing 0.8 pct Sn annealed at 800°C and 
quenched in cold water. This material had a grain 
diameter of 49 mm. The results for this brass were 
the same as those shown in Fig. 7 except that the in- 
crease in elongation was continuous in the tempera- 
ture range 400° to 600°C and furthermore was not as 
marked as with the binary ¢ brass. With all these dif- 
ferent § brasses, the sharp decrease in elongation from 


Fig. 8—Cast brass | | 
containing | pct Al i 
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Fig. 9—Cast brass 
containing 5 pct Al 
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about room temperature to 400°( 
nter« t ine crack n fact at 
Dinar ar tin-bea Drass and 
tne al num-bea g 8 Drass, the 
intere 

Profs Barrett sggestion tnat 
in ductility is because of the ler 
mati ipported the fact tha 
in ductilit i for ar 
pet Al, see Fig. 9. In view of the f 


SOU) 


to 400°C for the 


fracture was entire 


containing 


regoing results on 


aluminum-bearing s brasses, it 
nteresting to see if the order-disorder trans- 
nation temperature was unaffected by tin and in- 
creased by aluminum 
These results confirm Professor Barrett's 
tions that the ductility of 6 the 
testing temperature is reduced below room tempera- 
ture. The fact that this decrease is observed both with 
and suggests that this effect is independent 


of crystal structure 


the tin-bearing and 


observa- 


brasses decreases as 


Orasses 


Quantitative Substructure and Tensile-Property Investigations of Nickel Alloys 


DISCUSSION, W 


A. Backofe 


Chairmer 


Guard (Gener 


RK. W 


Wi 


ta ‘ } 
‘ 
‘ 
the P 
iia 
‘ ur 
Al 
ul 
‘ ‘ 
ki 
. 
x 
} 
‘ 
" 
‘ 
I Fig. 13 a 
tre ‘ 
contra te thy 
ntatior the 
ese a I 


In view of the ad 
effects of subboundari« 


694—JOURNAL OF METALS 


MAY 1955 


and W 


‘ ‘ 
‘ 
‘ 
} 
J 
2a 4 
> ik 
‘ 
= 
mpa 
Such dat 
‘ thu 
ti attend 
and the eff: 


iy 
tar 
al € 
r t eave 
arise r 
xp 
‘ 
| 
i part ar 
‘ ‘ 
‘ 


x 
ingu I 
ef. 
‘ 
e made to the 
ar gt 
er of 
it ar 
It i 
ere 
‘ ‘ 
eta ‘ 


to the re- 
pointed 
entrations 

in hat ic 
ng 
ition 

et would 

ty res in 


tne > 
titute 

flow 
results are 
ve a misrep- 


in separating 
of distributed 


subgrains 


lislocations, it is very desirable to emphasize the tenta- 
tiven¢ of conclusions 5 and 6. Proof of these conclu- 
ions will require data on a large number of systems 
taken specifically for that purpose 

Eric C. W. Perryman( Aluminium Laboratories Ltd., 


Kingston, Ont., Canada; present address, Atomic Energy 
f Canada Ltd Chalk River, Ont Canada This 
paper, besides being of theoretical interest, is extremely 
nteresting from the practical point of view. However, 
the er would like to raise a few questions on this 
paper and then to present some results which in a 
jualitative way give support to some of the authors’ 


starting material 
annealed at 1150°C 
materials fully 
appear that all 


state that their 
swaged and then 
hr. After this treatment 


tallizec From Table I it would 


The author was 


for 


and 


were the 


the a ys after t nitial anneal contained subgrains 
Alth gh subgrains have been observed in the center of 
" " forme I annealing a lightly strained 
materia ss far as the w ter iware there is no posi- 
e f ubgrains in heavily worked and re- 
t ed material. He has tried to find subgrains 
nf crystallized aluminu it have never been 
accessful. If, however, the authors’ starting material 
Wa n fact in some recovered state, then this makes 
the interpretation of their results much more difficult 
It well kr that during recovery the rate of 
ge of 1 pertic f the « i-worked metal is rapid 
at first and then slow lown with increasing annealing 
time Recent work” has indicated that during this 
‘ ‘ period dislocations are redistributed and the 
ibgrains become more perfect, the maximum in per- 
fection being reached when the hardness or the X-ray 
half-peak breadth has become constant. Could the 
author ay on what part of the recovery curve their 
anneal of 1 hr at 800°C fell”? 
From the appearance of the X-ray micrographs in 


subgrains in Fig. 12b 
It is not clear 
l2a is from the material 
this subgrain was formed 
aterial at 1150°C. If it is 
that these 
after 
authors 
material 


have a higher flow 


Fig. 12, it would appear that the 
are far from perfect, Le., not strain free 
Fig 


whether 


whetne! 


by annealing prestrained r 

ild seen 
more perfect than those formed 
so from the 


expected that the 


subgrains are 
anne 


ais 


ission it 
annealed at 


stress than that 
10 any measurements 


1150°C? Com- 


nealed at 800°( 


after annealing prestrained material at 


paring Fig. 12 with 12 t would seem that the sub- 
grain sure direct after straining was almost the same 
r slightl irger than that after annealing at 800°C 
Th s in contradiction to the discusser’s results on 


j 1" and suggests that the annealing treatment 
f 1 hr at 800°C was not sufficient to produce perfect 
Although no magnification is given for Fig 
that the subgrain size directly after 


12, it would seem 
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Fig. 19—Effect of magnesium on subgrain size after complete re 
covery, 20 pct cold work and annealed at 250°C for | hr 


straining is considerably larger than that reported by 
Gay and Kelly From Table I the subgrain size in 
nickel strained 2 pct and recovered at 800°C is about 
100 microns which is about 20 times larger than that 
reported by Gay and Kelly Would the authors com- 
ment on this large difference? 

During an investigation on the effects of magnesium 
on the recovery of superpurity aluminum by metal- 
lographic examination, the subgrain size has been de- 


termined after complete recovery. By this is meant an 
anneal such that the hardness and X-ray half- ik 
breadth have fallen to a steady value and recrystalli- 


zation has not commenced. Fig. 19 shows the number 


of subgrains per square centimeter as a function of 
magnesium content. This appears to be very similar 
to the author curve for the Ni-Co alloys. If it is 
assumed that during recovery dislocations climb out of 
their slip plane, some become annihilated, and others 


become blocked at subgrain bo 
ness of the recovered material 
tallized material will represent 
ening. If this is done, it is that, for a given 
amount of cold work, the residual work hardening 
the different Al-Mg alloys is almost constant. Similarly 
if the authors’ results are taken, it is found that the 
difference between the flow stress for 1 pct prestrain 


and the as-annealed value at a given strain 
2500 psi for all the different materials tested. This 


strongly suggests that subgrain size alone has no major 
effect on mechanical properties. In another investiga- 
tion,” it has been found that the recovered hardn¢ 


value decreases slightly while the subgrain size in- 
creases slightly with increasing annealing temperature 
This suggests that subgrain size may have a small 
effect on mechanical properties or that, with increasing 
annealing temperature, the residual density of lattice 
defects decreases 


D. McLean and A. E. L. Tate (National Physical Lab- 


oratory Dept of Scientific and Industrial Re earch 
Teddington, England The discussers would like to 
draw attention to some similar work” in which the 
effect of a subcrystal structure on mechanical proper- 
ties was measured. The metal used in this work was 
aluminum and the subcrystal structure was produced 
by hot rolling or by creep. To summarize the relevant 
results quite briefly, they showed that a subcrystal 
tructure increased the 0.1 pct proof stress very con- 
siderably (up to about ten times) but had a much 
smaller effect on ultimate tensile strength or hardness 


This was regarded as understandable, since, although 
the subboundaries could be expected to have an im- 
portant effect at the start of plastic deformation, they 
should cease to be a significant factor after extensive 


deformation. Miss Ancker and Professor Parker, in 
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their more detailed investigation, also find that a sub- 
crystal structure raises the stress level at the beginning 
of deformation. They find this in a different pure metal 
than the discussers used and, in addition, in two alloys 
Considering also the theoretical plausibility of the 
effect, it may be reasonably supposed to be general 


B. Ancker and E. R. Parker (authors’ reply)—The 
authors wish to thank Dr. Guard for his detailed 
analysis of this paper and the questions he has asked 
regarding the data and its interpretation 

It must first be re-emphasized that the experimental 
method employed in these investigations is not an ab 
solute one but is relative. The accuracy of the relative 
data was severely tested and found to be completely 
satisfactory as described in the text. A detailed de- 
scription of the X-ray method is found in Barrett as 
footnoted in the text.’ Arbitrarily, the following con- 
ditions were chosen: focal spot to specimen, 53 cm, 
specimen to photographic plate, an average of 1 mm 
The full focal spot of the X-ray tube, approximately 
2 mm, was utilized for convenience 

1—Grains which happened to have overlapping re 
flections on the photographic plates were disregarded 
and data were recorded from over 100 grains per speci 
men whose subgrains could be clearly counted. Since 
the grains to be observed were arbitrarily chosen in 
the first place, disregarding overlapping reflections in 
no way affected the results 
2—In general the reflections from various individual 
grains were widely separated (on a microscopic scale) 
from those of other grains (generally only about 20 
grains reflected at once) and thus it was easy to detect 
the reflections belonging to a certain grain. If thers 
was any doubt, as explained under 1, the data from 
uch grains were not used 

3—Fig. 12c is not typical of the micrographs used in 
the quantitative investigation, since all the deformed 
specimens were recovered at 800° or 1150°C a ndi 
cated in the text. Figs. 12a and 12b are typical and the 
subboundaries indicated there can be counted readily 

4—The effect of subboundari« of smaller angle 


than can be resolved by the method used in this re 


search is the subject of a current investigation on the 


ame materials by Dr. Sigmund We mann, Rutgers 
University. Topology indicates that the various con 
position polycrystalline aggregat« which undergo th 
same strain develop the same number of dislocation 
In the case of the cobalt alloy these dislocations do 


not collect readily into boundaries of more than 10 


Thus, as stated in the text, the increase in strength 
cannot be correlated with the increase of uch il 
boundari« Results will be published shortly relating 


density of subboundaries of smaller angle with tensile 
trength 


The distributions of ibboundaries for specimens of 


identical history were proved | tatistical methods to 
be the same (see “Analysis of the Substructure Data 
Le., it was proved that variou impli nformation 
taken from different photographic plat from one 
pecimen or fror pecimer of lentical history all 
came from the are tribution Therefore D 
Guard »bjection about the use of large ample of 
the distribution nvalid. It is true that the distribu 
tions are truncated; a zero reading means no it 
boundaries of 10° or more, rather than none present 
The validity of using the mean, mode, or median as a 
comparat altogether istified. however nee 
significant difference ire observed for specimens of 
different strain histori« Here again the Wilcoxon test 
was applied and showed conclusive that specimens of 
different histories had different distributior In any 
case, the properti are not governed by the extrem 


values of the distribution; rather, properti« may be 
predicted from the mean, mode, or median of the di 
tribution 

The authors certainly agree with Dr. Guard that the 
data presented in this paper do not constitute proof of 
the concentration of foreign ator in faulted regions 
No series of experiments on yield strength at the mo- 
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t appears feasible as a means of differentiating the termperature curve, the authors did not make a com- 
ure range and 
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Stress-Strain Characteristics and Slip-Band Formation in Metal Crystals: 
Effect of Crystal Orientation 
c ION, W. A. Backofen and W. M. Baldwir rystals were rigidly gripped, thus preventing accom- 
Cc) ‘ at of the lattice rotation. However, Paterson’s 
Vi. S. Paterson { tralian Na- pe mer were of 15 mn liam, compared 
j The ad lial f R ind it seems Keliy that 
} eg f glide in these cr t reéia 
7 t} produced in Fig. 24 fron 
the Liick surement n high purity) 
4 ta un orientation near [110] was obtained fr 
air I liam and sno a ver exter 
' tatior ( ‘ The iggestion that a crystal of smaller diameter 
19 999 net v1 exter e glide favors the idea 
that +} g] cations pass 
the tai and sx io not tribute t the ira- 
‘ ' na crystal there would be a 
‘ ‘ t } ‘ tion meeting an obstacle 
4 a9 ia cat 
ete 
r Try 
The d isser 
4 il to R 
com 
tat far re 
4, ast tends 
é } 
ta 
, 
2 
kink 
the re constrained from rotation 
4 Further details of these experiments will be pub- 
‘ ea 
j F. D. Re 2uthor’s reply The size t, discussed 
j t Dr. Patersor n the region of low hardening 
ost interestiz and not unexpected. In this con- 
4 thon, howeve it would be of further interest to 
{ kr whether there is a size effect on the value of 
d an a ‘ hea for A, iming other 
—— th a larger regior w strain harden- 
<= wit ater critx i shear stress can be 
,. a " Another factor in considering a size effect based on 
mpa n ofa lable data is the method used i 
t g the nglk t In the present work, the 
were produced from the melt, whereas the 
auth presumes that the wire crystals used by Dr 
Patersor were produced Dy the train-anneal tech- 
Fig 24—Comparison of tensile stress-strain curves for copper given nique Existir lata iggest that the two tech- 
by Ros: and results for copper crystals of similer orientations found niques could r iit in signif nt differences in both 
by Paterson the density and distribution of dislocations 
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Regarding the reference to the appearance of slip 
bands, it was brought out in the paper that the effect 
of crystal orientation on clustering of slip bands was 
studied only in crystals exhibiting slip on a single 
primary system (Fig. 19 of the paper). The clustering 
of slip bands for crystals near 100> oz lll> to 
which Dr. Paterson refers also was observed in the 


present work (Figs. 16 and 17). It must be remem- 
bered, however, that the clustering in these crystals 
is closely related to the nature of secondary slip- 
band development 


H. Lange and K. Liicke: Strér mn der Gileitung be 
niumeinkristalien-I. Zts« fur kur 1953) 44. pr 


Solubility of Oxygen in Alpha Iron 


DISCUSSION, S. C. Carapella, Jr. and B. D. Cullity 
Chairmen 

N. A. Gokcen (Michigan College of Mining and Tech- 
nology, Houghton, Mich Total oxygen contents re- 
ported in this paper do not necessarily represent the 
dissolved oxygen in a iron for at least two reasons 

l1—The oxygen combined with aluminum, calcium, 
chromium, magnesium, manganese, silicon, titaniun 
and vanadium would be 0.0055 pct rather than 0.003 
pct estimated by the author if it is assumed, as on p 
642, that all of the 
used are present in half the maximum amount reported 

I. Since it was shown by Kitchener et al 

at small concentrations is oxidizable, 
e of preceding elements as “oxygen-avid” 
i Further, the oxides of these elements 
may dissolve or combine with FeO as indicated quali- 
tatively by Kitchener et al 

2—The surface area to weight high 
thin strips used in this Therefore, the 
surface oxygen content of the or r of 0.003 pct as 


calculated by using the results of Sloman and Rooney 


“oxygen-avid” elements in th 


then the « 


s reasonat 


A. U. Seybolt (author pl The following reply 
is numbered according to the numbered issues raised 
by Dr. Gokcen 

On checking the arithmetic, it is found that Dr 


Gokcen's figure of 0.0055 wt pct O is correct. However 


this kind of estimate is not of great value, since the 
amounts of the impurities present are not known with 
sufficient precision 

More significantly, the fact that the log solubility 
1/T piot is linear within the experimental error of 
about +0.003 wt pct O indicates that there must be a 
real solubility which is not in error by than 
about this amount. Now, if the real solubility were in 
error by a constant amount of 0.006 pct, as implied by 
Dr. Gokcen, this amount would have to be added to 
each experimental point, thus resulting in a nonlinear 
plot 

In addition, as demonstrated in the paper entitled 
“Precipitation of Iron Oxide from Alpha Fe-O Solid 
Solutions,”” iron oxide dissolves or precipitates, de- 
pending upon heat treatment, according to metallo- 
graphic evidence 

2—The figure quoted 


more 


here for the surface oxide 


(0.003 pet) picked up by pickled iron from air at room 
temperature agrees well with an estimate by Gulbran- 
sen,” whose figure was 30A of iron oxide This last 
turns out to be about 0.002 pct O. These estimates fall 


within the stated uncertainty the oxygen analysi 
0.003 pet 
H 1 


1943) 148-15 


Se 


Metallographic Study of Equilibrium Relationships in 3S Aluminum Alloy 


DISCUSSION, S. C. Carapella, Jr. and B. D. Cullity 


rmen 
J. O. Lord (Ohio State University, Columbus, Ohio) 
The author presents some interesting comments and 
excellent micrographs of the structural constituents 
found in the 3S alloy. The interpretation of the struc- 
-cast and cooled at various rates 
wry and well in keeping with pub- 

phase lagrams 
reheated structures with eutectic areas depleted 
problen 


material present a controversial 


ell may be lkened to eutectoid pat- 
} larly in abnormal 
particl withdraw from 
on wit! 
3S alloy 
indoubted|ly akes piace 

i in Fig. 13. However 
lepletion is Dest explains 


lepletion of the 


on ri 


sible tha ni 
ond solid phase in the eutectic acting as nucleating 
to prevent supersaturation of the solution in 

to happen, it is only 
necessary to postulate a moderate rate of diffusion of 
the solute in the solid solution near its 


perature 


material 


its immediate vicinity For this 


melting tem- 
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tribdbu- 

on in the cast 
tatement in 
clear of 

On 


minun 

So far, th viae 

tion occt and certainly 

dicated the precipitat« 

evidence is far from conc! 

out that this same type of 

d in other 

vorced type 

saturation is n less likely 
A better picture of the act 

divorced eutectics is needed 


aluminun 


eutecti« 


second phase is nucleated and 
from the dendrite faces on whi | 
num forms. This, of course, is the reason for the coarse- 
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i Alumi 
183-1981 
by A. U. Seybolt ; 
t: Tras AIME 1954) 200. p. 979; JounnaL oF 
Merats Septemt 954 
E. A. Guibransen: Privat iunication (1954 
(au ré j tus satisfving to have 
P. R. Sperry th j It tisf to have mt 
acceptance of the concept that the preci - 
tion directly reflects the olute distribut ah 
structure before heating. Some of the Po 
the literature imply that certain area per 
precipitate because of diffusion durir gi ran 
the basis of the present evidence tt is not so fr 
Professor Lord mment on the depletion of the bee 
eutectic aluminur iggests that supersaturation occurs Be 
in the primar uluminum but not in the eutectic alu Ras 
effect of the second phase 
terns in low ca dicate that ipersatura- Fe 
steels where to the extent that is u 
cooperative a ittern. Admittedly, the Bir, 
In the ast e but it in be pi inted 
tectic alumin ecipitate pattern can be ot 
castil ysten where the di 
esent but where uper- aay 
to occur 
al growth mechanism in a 
that the 


there 
ninum 
occur 


pure lepict Therefore, it is difficult t 
e les ipersaturation 


than in the primary, if supersatur: 


ff : The important point is that for large z, erf (z) varies 
t as exy but as exp z*). It is the use of Eq 
4 which makes the authors’ correction factor vary as 
“T K) instead of exp (—bK 
t Final the authors take their evaluation of Eq 12, 


ned ¢t ising Eq 14, and use it as an ada € cor- 


ear to the discusser. Actually, Eq. 12 gives 

j ition times a multiplicative correction fac- 

I Eq. 15 is used for the expansion of erf 


[16) 


to lution given on p. 669, Eq. 20 


f the 8 particles is small compared 
to infinit The evaluation of Eq. 19 is then carried 
t. usiz Eq. 15 approximate the expression 


The error introduced in this approximation is 2 
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As t i pl ‘ this itectic alu 
j element T? hat the eutect valiey at al 
: Determination of the Self-Diffusion Coefficients of Gold by Autoradiography 
DISt ION. J. H. Keeler and R.W.B Mm. Chairme orrect expansion for large z is* 
Paul G. Shewmon (Carnegie Institute of Tec! exp (-—z) 
rectlor 
‘ enh ‘ ‘ = 
+ Dt 
Dt 
the use i the rec? terry jsed the 
, " ‘ u egligible To see if the effect of radiation 
g trot tant point tually negligible, Eq 
, : ‘ t be evaluated. If the exponential terms in Eq. 13 
4 iped together the equati n becomes 
I exp K*/4Dt | | r exp 
{ ur ) ingd¢adr 17 
\ Jot 4pt 
, n I wr : T factor in front of the brackets is the variation of 
_ neentration with ft and K which results from diffu- 
: . n. The term inside the bracket a function, here- 
ft ed K, Dt. which relate the local con- 
wi The integratior ve n F can be avoided by using 
. t} lefinition of an average value. The integrand of 
1 | J p | } F ret it ¢ 0, ana it ntinuous and monotonik 
¢ easing at all v ilues n tne range rv ¢ 
; { l If f (2 continuous and monotonic, increasing in the 
inge then 
whe » unique number, and a<ch<b. Therefore, 
he inique value of ¢, hereafter called which 
. ent v ele- ; , tituted in the integrand of F to take the 
; ' e of the difficult integration over ¢. A graph of the 
tegrand of » shows that 4 is a reasonable 
\ we ft assurne The exact value taken does not 
‘ : hange the fir result appreciabl ince the function 
‘ , varie with cos In this 
‘ ‘ , troduce To integrate over let y rcos 2, Dt) +U 
: where I K/2,, Dt Dt/cos 4 These substitu- 
t F ~Bexp (U") exp (—y’) dy 
| | | : 


pet.) The following is finally obtained 


F - {20} 


Dt cos ¢ 


where C is a positive constant independent o! K 
In order to use this new correction factor, F, in diffu- 


sion work, it would be plotted and used to convert the 
tion. In their work the authors, 


concentration to be proportional to 


intensities to conce 
in effect, took the 
the intensity (since their correcti 


ion factor was negugi- 
ble). To check this, Eqs. 20 and 17 v 


are combined to gi 


The term in the inner bracket is the contribution of 
F (u,Dt,K) to the experimentally determined slope 
n 1 to go to zero for ifficiently large u 
or K. The application of Eq. 21 to the authors’ data 
using 400 cn ¢ 1/4 oF 
or 4.5x10* cm leads to the following conclusions 

l The variation of the correction tactor w th + be- 


tween 4 x i@ 1/3 is only a few percent 
2—The correction factor varies from 15 to 2 pct as K 
increases from 0.01 to 0.07 cm. If K 0.03 cm, the cor- 
rection to the lope averages out to 3 to 4 pet Thi 
correction makes the D’s reported 3 to 4 pct smaller 


than the true value However, a correction of 4 pct 
in the reported values of D is less than the probable 
error of the work so this change Is unimportant 


3—Different values of Dt were probably used at 
high and low temperatures. This would not change the 
correction factor by more than a few percent. Ther: 
fore tne fact that tre neat of activ ition \H : at ter 


mined in this work, is lower than the AH of earlier 
workers could not be explained in this way 

If this technique is used in the future with the more 
ill prob- 


common metals, the range of the § particles will 
ably be greater, 1.€ u will be sn aller If the reasonable 
value of u 100 cm™ is used in Eq. 21 with Dt 


10° cm, the correction to the experimentally measurea 


D ranges from 5 to 50 pct. Therefore, the us« the 
correction factor described here will be mandatory if 
accurate data to be obtained 


J. E. Reynolds (Battelle Memorial Inst Columbus, 


Ohio The authors have drawn some conclusions ba ed 
n their work with Au which are not in agreement 
vith observations made by the writer in work with Ni* 
The authors have presented a rigorous treatment 
Eq. 3) for correcting the surface intensity for any 
additional intensity contribution from subsurface radio- 
active aton This treatment utilizes the linear absorp- 
tion coefficient (un) for the ravs emitted 
It is established that the average angle of deflec- 
tion of particles on traversing thin lay of the 
absorber varies with the absorber thickness. Thi fact 
leads to the conclusion that, for diffusion specimen 
where the radioactive layer is thin and the thickne of 
the layer which also is the absorber) val the 
nt of backscattering and, hence, the adsorptior 
cients are also variables. This makes it very diffi- 
to determine reliable absorption coefficients for 


particles for diffusion studies 


The authors have stated also that autoradiography 


order of magnitude less than the diffusion distance 
2—The isotope must have a sufficiently long half life 
so that fairly long diffusion distances may be ot tained 
before its radioactivity is decayed to impractically low 
levels 
The writer has unsuccessfully attempted to use the 
autoradiographic method for studying the se lf-diffusion 


of nickel in pure nickel using Ni®™ (half life, 85 years) 
its a 8 particle of 0.063 mev. This isotope 


which € 
meets the two requirements listed previously (1.¢ high 
absorption of § particies and iong half life) but was 
not amenable to the autoradiographic treatment be- 


cause the absorption was too great. It is recognized that 


a higher specific activity of the isotope would counter- 
act high absorption slightly, but it appears from the 


foregoing that the usefulness of tn autoradiograph 


method, insofar as § emitters are concerned, is limited 
to isotopes and absorbers with an optimum absorption 
behavior. On the one hand, high absorption is desirable 
so that the radiation will be more indicative of the 
activity of the sectioned face of the specimen while the 
other conflictu factor is that the absorptivity must 


not be so great that registration on a photograph film 
is prevented 
H. C. Gates and A. D. Kurtz (authors’ reply In 
ermining the self-diffusion coefficients of gold by 
the correction for radiation originat- 


ing away from the surface is negligibie The authors 
agree with Mr. Shewmon, howeve! that the correction 
factor which appears under Eq. 3 in the pape! should 
rder to become generally applicable 


tne derivation of a correcuuon factor 


which the authors believe meets with the require 
ments of a general cast 
Introducing the parameter shown in Fig. 2 of the 
paper, y is the distance along original interface, x & 
the diffusion distance, 2 y tan a is the actual absorp- 
tion length for ¢ rays and for small a sectioning angles, 
and | is the intensity of radiation 
Iiy da 22) 
Assuming the J on solution of Fick's law 
exp (—a"/4Dt 23 
where I ynstant, the following is obtained 
Iiy exp (uy tane 


| exp r’/4Dt Dt) dz 29) 


Letting 
4Dt 4 Dt 
I ty 
and rearranging the it f integratior 
exp y tana Dt ©xp d 


under proper conditions provices an act jrate and con- By integrating, the fe llowing btained 
venient method for determining diffusion coefficients 
They further delineate the “proper condition based I (y) exp (« y tana + uw’ Dt 
rf 
upon their observations w ith Au™ by st 1g that I 
i—The isotope to be used as a trace must emit 6 * 
ravs of sufficiently low energy so that their rangs an This expression for erf may be expanded for large 
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(in I) 
( K 
/ Dt 
K 
, 
4 Dt K py Dt 
2. /Dt cos 4 
4nD1 
| exp ( r’/4Dt sx) da 24) re 
Completing square in the expone nt give 
Iiy exp uyvtane+sa 
I 
y tana 
pt) 
‘ 


Values OF lo give 


The absolute value of the slope is thus larger than 
I (y) exp y’ tan’ a/4 Dt) “4 Dt and dependent on y, but at sufficiently large 
values of (u ytana) the correction becomes negligible 
and the slope is a constant. By including second-order 
3 terms in the expansion, even more rapid convergence 
| 28 is assured 


Regarding Dr. Reynolds’ comments, the authors be- 


Neglecting all but first powers of lieve that the autoradiographic method, insofar as 
: ; emitters are concerned, is not necessarily limited to 

y tana 29 isotopes and absorbers with an optimum absorption 

2 behavior. For a given isotope-absorber system, the 

( ytan a optimum autoradiographic conditions are greatly de- 


For value f ) ] pendent upon the specific activity of the s-ray emitting 
4 Lsotope 


I ty y tan ytane \ 
inl 1 L. Milne-Thomson and I es: Star Four-F eM 
| 4 Dt 2 D $3 p. 211 Lond MacM ar Tr a ls 
” t at by he tegral in the 
onstant 0 
t pe of ay fin I(y)/l y tan be- 
J 4 Crowther and B. F. Schonland Py edings Royal Sox 
] /1922) lee 526 
(1 21 S. Glasstone: S t F 1950) p. 165 
4 Dt \ tar / Ne k. D. Van Nostrand Ine 


An Examination of the Decrease of Surface-Activity Method of Measuring 
Self-Diffusion Coefficients in Wustite and Cobaltous Oxide 


ION.J.H. Keeler iR. W. Baluffi. Chairmen power of the vacancy concentration. It is also found that 
C. Ernest Birchenall (P ” ’ ersity. Prince- the vacancy concentration at 983°C is proportional to 
The ‘ +} ner are to be warmly P which is rather close to the expected P.,’", per- 
port - t cont ition It haps closer than would be expected in concentrated 
‘* +} iret ¢ e that a olution 
ws been associated with the This leads to the Arrhenius-type interpretation 
— poe \There ww be an placed upon the deviations from ideal behavior in 
‘ ta stated n- these crystals. Since direct evidence of vacancy-ferric 
position, by eans of ion groupings with a kinetic identity is lacking in 
ides, it seems more useful to favor a Debye-Hiickel 
te iy ible approach, such a that employed by Wagner and 
4 Hammen™ in their discussion of cuprous oxide. Eq. 8 
Phase e format of f tl present paper may be rewritten in the form 
—_ ‘ ths rger range tiv. Be. n.B. where the n’'s are the numbers of iron 
teria are * ewhat tolerant of com- atoms or vacancies per unit volume and the B’s are th. 
tins mobilities. Using Einstein's relation 
cobalt in cobsltous oxid D* = BkT 
uy . oa xida and taking the values for the composition of wiistite in 
ind . juilibrium with magnetite (double primes) and the 
T , ta composition of wustite in equilibrium with iron (single 
t tont : primes), the relation 
‘ ippir to ex 
‘ en t balt self-diffusion B, 
The 
. is obtained for a given temperature 
thors and the Assuming the relative change in density at high tem- 
' ' . nd sectioned perature t be about the ne as that found at room 
i. W. Mead and F temperature at 983°C, it is found that 
error the surtace B.” 
om t The discusser must sec- - 14 
t heck by sec- 
und at 897°C 
the ve ts prev isly B 13 
M and Birchenall B’ 
There are ref- 
ns hich diverge from the An increase in mobility (average for all vacancies 
terpretatior f it. ar these divergences present regardless of binding with concentration 
: t explanatior Therefore. I should would seem to be incompatible with the Arrhenius pic- 
‘ . In F 6 of f. 11, the diffu- ture. The Debye-Hiickel type of approach can recog- 
’ t : tte at these temperatures as a nize the increased electrostatic and elastix repulsions 
: vf the ncy concentrat Although accompanying the increased vacancy concentration 
there sitter in the data, it lifficult to se« That effects of this type exist is supported by Bertaut's™ 
why thi s; now taken as a dependence on the 1.25 observation that the vacancies in pyrrhotite (“FeS”) 
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can undergo long-range ordering and by Humphrey, 
King, and Kelley's” findings that such interactions are 
required to explain the thermodynamic measurements 
on wiistite. The use of dissociation equilibria in this 
connection recalls the rather monstrous compounds 
attributed to steelmaking slags until much too recently 

To look at this last point another way, by the time 
10 pet or so of the iron lattice sites become vacant with 
twice as many electron holes in the crystal, it is diffi- 
cult to imagine any electron holes which are not very 
close to one or more vacancies. The mobilities of the 
holes are so much greater than those of the vacancies 
that the association of any hole with a given vacancy 
for a time comparable to that for a diffusion jump at 
these temperatures seems unlikely 

Another way of looking at these data also argues 
against the association idea. Dr. L. S. Darken has just 
called the discusser's attention to the fact that, if the 
more reliable data at the two highest temperatures are 
extrapolated linearly back to the fictitious stoichi- 
ometric composition, the diffusion coefficients go to zero 
at that point 

R. E. Carter and F. D. Richardson (authors reply 
The authors thank Professor Birchenall for his most 
valuable comments and for pointing out the curiou 
sentence referring to the proportionality found by Him- 
mel, Mehl, and Birchenall” between diffusion coefficients 


and vacancy concentrations in wiistite. This sentence 
(the second, col. 1, para. 3, p 1256 of the authors’ 
paper) appears to have arisen from a typing jumble 


i 
The facts are, as Fig. 6 of ref. 11 shows, that the propor- 
tionality factor which increases with temperature is 
very small at 800° and substantial at 983°C. Inciden- 
tally, the data in Fig. 10 of ref. 11 seems to the authors 


to lead to a vacancy concentration per atom of oxygen 


which is proportional to P at the higher concentra- 
tions and P ** at the lowe! 
The authors agree with Professor Birchenall that 


since direct evidence of vacancy-ferric ion groupings is 
not available, other ways of looking at the relationships 
which exist between vacancy concentrations, oxygen 
pressures, and diffusion rates in nonstoichiometric com- 
pounds must be considered. It is believed that he has 
a strong point regarding relative mobilities of electron 
holes and vacancies, but the authors would not attach 
much weight to his final suggestion: like Dr. Darken, 
the authors had looked to see how the lines in this 
Fig. 6 extrapolated to zero vacancy concentration, but 
it is necessary to be rather selective to find the result 
which Professor Birchenall gives. It is not agreed that 
consideration of these relationships in terms of associa- 
tion is on a par with the old compound theories for 
slags. In the oxide case it is known that a lattice built 
up of ions and cation and electron holes is being dealt 
with, so the simplest basic units for which there is 
direct evidence are being started with 

The essential point emerging from this discussion is 
that at present no adequate theory exists. The most 
important step now is to measure the relationships 
which exist between diffusion coefficients, departures 
from stoichiometry, and oxygen pressures for a num- 
ber of oxides over good ranges of temperature and 
composition. Only in this way can the kinetic and 
thermodynamic properties of cation vacancies and 
electron holes be worked out and the basic data pro- 
vided for the development of theory. The wrong thing 
to do is to pile up diffusion data alone or to work on 
substances for which it is impossible to measure the 


nonstoichiometry by unequivocal 


departures fr 


chemical mean 


Wagne H. H me Che 1934 
Bw 
Berta 4 1953) 6, 
G H ‘ E. ¢ K iK. K. Kelle Bulletin 4 
U.S. Bureau < June 19 
and B he be publish T AIME 


Electron Optical Study of Oxidation of High Purity Iron 


At Low Oxygen Pressures 


DISCUSSION, A. J. Shaler and W. P. Roe, Chairmen 


J. Bardolle and J. Bénard (Faculte des Sciences, 


Université de Paris, Pari France The discussers 
are giad to see that the author observations generally 
agree with the results obtained by the! ome year 
ago. Since then, they have improved ‘ n of 
their first results Dy tudying tne of the 
number of nucle according to the cI orienta 
tion of the etal Moreover, one ers, 
in collaboration with J. Moreau, recently demonstrated 

similar nucleation phenomenon in the oxidation of 


It has now been proven beyond a doubt 


ation of a metal may be discontinuous 
ditior of pre re and temperature 
would like to call the authors atten- 


i 
l 
the following point 


observations on 


necessary to point out that the first of 


experime the authors re- 

i out not neo iron but also 

tic iron the Vitry metal- 

h station, under the direction of Pro- 
haudror 


diffraction study of oxide films has 
wh, in the present work, the presence 
although the authors admit that the 
formed is FeO. Since the discussers’ 
on this subject, they have had the 


it in collaboration ith J. Moreau, to make 
a similar study by electron diffraction. The reflection 
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A 


electron diffraction patterns on an iron specimen with 
nuclei show evidence for FeO. This difference perhaps 


ight be the result of a faster cooling in their studies 

3—The auth ve di nstrated clearly the reac- 
tion between superf xide and carbon in iron. How- 
ever, it does not seem that this reaction alone can ex- 
plain all the different aspects of the oxide according to 
the different crystalline orientations of the specimens 

It seems, in fact, that all these differences could b« 
explained jua I orientation differences prior to 

xide reduction Dy carbon or by mechani of coales- 
cence or superficial reorganization of the de 

4—The author uttribute the lines of thermal etching 
to the presence of hydrogen in the metal, but it seem 


that they are more likely related to oxidation reaction 


under very low pre ire Similar aspects have been 
observed on yppe r on certain alloys when 
heated in oxid atmospheres; in a subsequent heat- 
ing iW im inert gas or in hydrogen, these a pect g2en- 


erally di appear 
Some difference in the oxidation of Puron and 
Armco iron could be explained perhaps by the fact 


that Puron initially contai: more oxygen than the 
quantity allowed by the oxygen solubility limit at 
850°C. In particular, one part of the oxide in the el 

tron micrograph of Fig. 8 could result from iron pro 
toxide precipitation due to supersaturation during the 


cooling 


1g 
Earl A. Gulbransen, William KR. McMillan, and K. F. 
Andrew (authors’ reply)-—The authors are very grate- 
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Bénard and M. Bar- 
metal inder 
nig? pe ytur® 
The sutnor would 
lation mechanism is 
of x at l- 
i} ts per ature 
a ce onstratior f 
aised by Professor 
e the following 
‘ 
pu ‘ ‘ ) 
Ba and Bénard 
t allow 

The FeQ 
h temperature 


t of the oxide 
oth the 

wel! as 0 


the subsequent carbon-oxide reaction. It is of interest 


to note that the oxide on certain crystal faces of the 
iron resists attack by carbon in the metal, while the 
yxide on other crystal faces is rapidly attacked. This 


iggests that the diffusion of carbon depends upon the 
rection in the crystal 
4—The s think that the pretreatment of the 
important in determining the crystal habit 
e oxide which is formed. The pretreatment in 
hydrogen at 850°C has found to embrittle the 
metal and, in addition, to change the pattern of low 
pressure oxidation. It has noted recently that 
scuum annealing at 850°C gives a discontinuous oxi- 
ranagom in nature in contrast to 


author 


been 
been 


pattern nearly in 
i hydrogen anneal 


do not think that FeO is precipitated 


5—The author 
juring cooling due to supersaturation of oxygen 
‘ be 1953 T shed 
J. ‘ Re 239. pp 
J. Be ‘ Ins Metals 
93 


Warm Pressing of Beryllium Powder 
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3 The idé wall friction appears to be quite dif- 
ferent in the two cases in that the work at Sylvania 
ed compacts 0.3 in. in length while that at Brush used 


amples 1.5 to 2 in. long. Surfaces available for friction 
is well as differences in lubrication technique may 
have et nfluential 
The difference in the reported powder average diam- 
eters is believed to be a difference in measur tech- 
nique, tl writer giving Fisher Sub-Sieve Sizer values 
ind Pinto presenting Scott volumeter values. The 
powde both cases were prepared in the same or 
identical attrition mills. Pinto reports getting the same 
irm-pressed densiti vith or without vacuum under 
lentical time, pressure, and temperature conditions 


Fig. 12—Compocting pressure necessary to densify attritioned —200 


mesh beryllium powder to theoretical density of 1.85 g per cu cm 
et roriows temperotures 
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Table Ill. Mechanical Properties of Warm and Hot-Pressed Beryllium Compacts 


Com- Heat Ultimate 

Compacting pacting Treatment Tensile Yield Hard- 

Compact Pressure Tempera- of Tensile Strength. Strength fa) ness 

Ne Ts tere, °C Specimen 1000 Psi 1000 Pat tien R ws 
No. 5 100 425 0.3 02 7 1.845 
No. 6 100 425 a4 13 7 1.846 
70 565 46.3 0.0 2 1.847 
80 560 38.1 0.5 93 1.8645 
65 40.1 0.0 1.883 
+ 650 58.0 0.0 92 1.870 
5 750 518 oO. 1.849 
1.5 1100 51.9 2.2 1.645 
} 1100 40.0 2.2 13 1.845 
0.05 1050 45.2 2.1 2.3 80 1.845 
1.5 1100 750°C for 20 mir 50.7 fl 1 1.852 
15 1100 750°C for 20 r 19.5 2¢ 18 1 852 
Pe? ¢ VHPt and extruded 1050 750°C for 20 min 85.3 1.0 68 &2 1.851 
N 4 2% to1l% i 1050 750°C for 20 ir 46 6 46.0 05 82 1.851 

am at 425°C 
pe VHP? and extruded 1050 750°C for 20 min 101.0 14.3 a 1.845 
, 4% to % ir 


in 
diam at 1950°F 


* T is samples taken transverse to pressing directior 


L is sa ples taken parallel to pressing direction 
t VHP stands for vacuum hot pressed (75 to 125 psi at 1050°¢ 
** P is samples taken parallel to extrusion direction 


't N is samples taken normal to extrusion direction 


and thus the second point is not significant. Thus, the 
only explanation of greater consolidation reported by 
Pinto at equivalent pressures must be the shorter com- 
pact with which he worked. It is well known that short 
compacts can be pressed to density more easily than 
long ones. 

3ecause of the longer length of compacts in warm 
pressing at Brush, conventional tensile data could be 
attained. Tensile and hardness data on 200 mesh 
powder compacted from 400° to 750°C at 15 to 100 tsi 
(Table III) are listed for comparison with Pinto’s data 
Properties of Brush’s conventional hot-pressed beryl- 
lium, of warm (425°C) extruded rod, and of hot 
(1950°F) extruded rod are also shown 

In general, as stated by Pinto about the vacuum 
warm-pressing work, the as-pressed strength of dens¢ 
compacts is about 115,000 psi, with hardness of 90 Rist 
Such compacts did not appear to have directional 
properties 

In the Brush material, the normal strength, based on 
a large number of samples, ranges between 30,000 and 
100.000 with the greater strengths being obtained in 
directionally worked materials with extremely aniso- 
tropic mechanical properties. For warm pressing with- 
out vacuum at 550° to 600°C, at comparable times and 
temperatures, but with much longer samples at higher 
pressures, ultimate tensile strengths on the order of 
58,000 psi were obtained with full density at 650°C or 
about one-half of the value reported as breaking 
strength by Pinto. Good agreement is shown with 
Pinto in the hardness values 

In view of the size of the samples used by Pinto, it 
appears that the “breaking strengths” reported were 
actually modulus of rupture values and not true 
strengths. The difference of 58,000 and 115,000 psi 
would, on this basis, be compatible, since the breaking 
pressure would be the same for the two methods 
However, this point is open to question by the dis- 
cusser. Also, it might be added that with commercial 
warm-pressing techniques, or in any technique wherein 
appreciable amounts of pressure are applied to beryl- 
lium, the mechanical properties of the resulting piece 
are generally anisotropic, being superior in the direc- 
tion of flow; see Table III 

The Brush work shows further that the material 
pressed under the minimum sintering temperature for 
bervllium (about 750°C) does not have a strong inter- 
crystalline bond. This is illustrated by the increase in 
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tensile strength of the sintered sample No. 6 over the 
warm-pressed sample No. 5. The development of this 
bond is especially indicated on those samples which are 
vacuum hot pressed or hot worked above the recrystal- 
line temperature. All of these specimens were low in 
hardness (80 to 84 Rist) but exhibited tensile strengths 
greater than harder pieces pressed at 425° to 750°C 

Generally, in comparing the two warm-pressing 
methods, the discusser would like to sum up as follows 

l—It is difficult to believe that a hardness of Rist 
in the 90's is indicative of tensile strength on the order 
of 110,000 to 120,000 psi compacted beryllium powder 
The difference in strengths indicated between the two 
methods is probably that of difference in test method 
and interpretation. Actually, tensile strengths for the 
methods appear to be similar if the test results are 
interpreted properly 

2—There seems to be some advantage in the warm- 
pressing technique under vacuum. However, in view 
of the differences in size and operational techniques, 
the full extent of this advantage cannot be evaluated 
The technical advantages of vacuum seem small in 
light of the heavy economic penalties involved 

3—Generally speaking, although the warm-pressing 
method is relatively old in beryllium powder compact- 
ing and has been employed in production, it has not be- 
come a process of extensive use. This is largely because 
of relatively brittle structure obtained by warm press- 
ing. No evidence has been produced to indicate that 
vacuum warm pressing would change this situation 
Generally, ductility with a strong intercrystalline bond 
can be obtained only by heating above the recrystal- 
lization point. For this reason, hot pressing, warm 
pressing-sintering, and hot working as well as warm 
working supersede the use, at least on a commercial 
basis, of the warm-pressing process alone 

Norman P. Pinto (author's reply )—The work at Brush 
represents an interesting addition to the data on the 
compacting of beryllium at elevated temperatures. Ex- 
perience in hot pressing of powders indicates that the 
reasons why Brush required higher pressures to attain 
theoretical density are, in order of importance: 1—lub- 
rication, 2—compact length/diameter ratio, and 3—at- 
mosphere 

The selection and application of proper lubricant 
are of paramount importance in attaining high densi- 
ties and optimum properties with any metal powder 
In work at Sylvania, a thin graphite shell was em- 
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ployed to eliminate contact between the powder and 
the die, even though the length/diameter ratio was 
4 t wa lesirable to establish the ultimate densi- 
tie ittainabie with given time-tempera pina- 
t Although the graphite-sleeve t nique is not 
il e to production applicatior t does fix the ulti- 
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. nia has fou the development of suitabie iubri- 
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that the reader might not confuse the data with those 
obtained by the more conventional tensile tests. It was 
the size of the compacts which precluded the use of the 
test. Obviously, strength data could 
not be obtained on bars cut parallel to the pressing 
direction because of the short height of the compact; 
however, hardness did not vary with the surface on 
which the reading was made 

Regarding the use of vacuum, industry in general in 
the past few years has acknowledged the advantages of 
vacuum processing certain materials and has accepted 
the increased costs as a necessary but minor disad- 
vantage, far out-weighed by the advantages accrued. 
Vacuum melting, vacuum annealing, and vacuum sin- 
tering are being employed more and more widely not 
because of subtle improvements but because of im- 
portant differences in physical properties, purity, re- 


standard tensile 


producibility, yield, etc. Sylvania has been using 
vacuum processing on a commercial scale for over 


three years, and studies indicate that any penalties are 
offset by the gains. The general trend toward the utiliz- 
ation of special methods and techniques for the proc- 
essing of special metals represents an attitude which 
will result in a more efficient utilization of the desir- 
able properties of the new metals which are now being 
produced and of the older metals with excellent char- 
acteristics which have been developed recently 

The author would like to comment on the state- 
ments that “material pressed under the minimum sin- 
tering temperature (750°C) does not have a strong inter- 
bond” and that “ductility with a strong 
intererystalline bond can only be obtained by heating 
recrystallization point.” In sintering a pow- 
der compact, the green compact has essentially point 
contact between particles, or at least contact over ex- 
tremely small areas. Since there is no externally ap- 
plied pressure forcing the particles together, the sin- 
tering or the densification occurs, due principally to 


crystalline 


above the 


the increased mobility of the atoms at the elevated 
temperature and by one or more of the methods of 


transfer. Conditions are entirely different in the 
of elevated temperature pressing. Here the com- 
pacting pressure is applied when the particles are very 
juctile and have low strength; the particles are dis- 
torted and the voids are closed almost exclusively by 
the force of the externally applied pressure. As the 
particles become distorted, fresh clean unoxidized sur- 
aces are exposed and establish bonds with the particles 
forced. One of the most im- 

interparticle bonding is the 
nination ace of the particles, e.g., with 
this is particularly important at lower temper- 
temperature is increased, the oxide 
particles surface layers tend to agglomerate, in- 
creasing further the area over which bonding may be 
effected and augmenting the bonding mentioned pre- 
viously. It is known that metals may be cold welded by 
together so that pieces are upset 
considerably and so that fresh clean surfaces come in 
contact: strong bonds may be effected even at room 
temperature with certain metals, e.g., copper. This 
type of bonding will be influenced to some extent by 
the atmosphere in which it sonducted, being im- 
use of vacuo. The author feels that the 
which bonding is effected during sin- 
1g low temperature or “cold” welding 
different 
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Cast 
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Wikle show a difference in 
ate tensile between compact Nos. 5 and 
3.200 psi and a difference of 17,900 psi between 
umably prepared under identical con- 
litions (compact Nos. 58 and 59). It would seem that 
the spread in tensile values characterized the variance 
associated with this particular series of experiments. 
Wikle has an interesting possibility here and it should 
stigated more thoroughly, possibly on a statis- 


tical basis 


data 


strength 
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W. Beaver: Fabrication of Beryllium Powder Metallurg, 
Metal Progress (1954) 65. No. 4, pp. 82-97; 168-17 
“ Ww Beaver and K. G. Wikike Mechanical Prope 
Beryllium Fabricated by Powder Metallurgy Trans. AIME (1954 
200. pp. 559-573; Jowenwat or Metats (May 1954 


erties of 


*N. P. Pinto: Measurement of Lubricant Thickness on Powder 
Metallurgy Dies. Lubrication Engineering 10, p. 6 
N. P. Pinto and G. P. Howland Hot Pressing i Aluminum 


Powders. Presented at AIME Annual Meeting (February 1955 


The Influence of Carbon and Manganese on the Properties of Semikilled 
Hot Rolled Steel 


DISCUSSION, Howard Scott and Paul Gordon, 
Chairmen 

A. B. Wilder (National Tube Div., United States Steel 
Corp., Pittsburgh)—The results reported by the authors 
are of particular interest to producers of pipe for 
large diameter gas pipelines. The chemical ranges and 
deoxidation practice described are commonly used in 
the production of welded pipe. In the manufacture of 
seamless pipe, usually an aluminum-killed steel is em- 
ployed 

In the manufacture of high yield strength (52,000 psi 
minimum) large diameter line pipe, the material is 
frequently cold expanded. This cold working provides 
an increase in strength properties without a corres- 
ponding increase in chemical composition An increase 


Table 1X. Check Chemical Analysis 


Heat c Ma Pr 
A 0.25 0.92 0.019 0.029 
B 0.27 1.06 0.018 
024 1.03 0.029 
D 024 0.90 0.018 0.034 

0.24 1.06 0.022 0.030 


Fraviz 


in carbon content, for example, would influence weld- 
ability 

The effect of cold working was not determined by 
the authors. In Table IX the chemical analysis is shown 
and in Table X the influence of cold working on the 
Charpy impact properties of semikilled steel is given. 
It will be observed the transition temperature (10 ft-lb 
level) was raised. A 2/3 size keyhole Charpy impact 
specimen was used. The material was aged at 450°F 
for 4 hr after cold working. The relationship of carbon 
and manganese to the transition temperature of cold- 
worked steel was not determined. The results reported 
in Tables IX and X were obtained by F. W. Crouch 
National Tube Div., United States Steel Corp 

F. W. Boulger and R. H. Frazier (authors’ reply)- 
Dr. Wilder’s data on the effect of combined cold work- 
ing and aging treatments on notched-bar properties 
of semikilled steels make a worthwhile addition to the 
paper. Although it is known that such treatments in- 
crease the likelihood of brittle fracture, very few 
quantitative data have been published. Many steels are 
cold worked during mill processing or in later fabrica- 
tion. Since serious brittle fractures have occurred in 
structures containing such steels, research on the inter- 
related effects of composition, cold work, and aging on 
toughness seems desirable 


Table X. Impact Test Results, Average of Five Heats 


t/3 Sige Charpy Keyhole Ft-Lb at Indicated Temperature, °F 


Treatment 75 25 > low 
As ed 97 188 4 24 
Straine pet, aged* 18.9 18 } 42 2 78 24 
Strained 1 pct, aged 18.1 17.5 68 46 13.0 92 44 17 
Strained pct, aged 18.3 7 ' 7.7 1.7 13 
Strained 2 pct. aged 172 € 4 4.3 ‘ 14 
* Aged at 450°F for 4 hr 
Temper Embrittlement of 5140 Steel 
A hert 
DISCUSSION, Howard Scott and Paul Gordon, Some investigators’ “ have favored the notion of 
Chairmen segregation of various elements at the grain bound- 
S. R. Maloof (Raytheon Manufacturing Co., Waltham, aries as the cause of temper brittleness; and one, 


Mass The changes in the lattice parameter of ferrite 
following the embrittling treatments used by the 
authors are in complete accord with those noted by the 
writer in an earlier investigation.‘ However, the authors 
fail to make any mention of this study. Since the 
authors have shown a definite correlation between the 
lattice parameter of ferrite and the degree of temper 
brittleness as measured by the shift in transition tem- 
perature, any proposed mechanism of temper embrittle- 
ment must, as a consequence, be consistent with the 
changes observed in a.. Do the authors have any 
thoughts on the subject? 
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without any experimental ipport, had earlier pro- 
posed the mechanism of precipitation at the grain 
boundaries as the cause of temper brittleness. How- 
ever, neither of these mechanisms would be expected to 
cause the changes in a. observed. The maximum change 
in a. observed (0.0012 kX units), although small, must 
result from a change occurring throughout the entire 
volume of each grain, as for example, the precipitation 
of a carbide phase or the diffusion of the alloying ele- 
ments in ferrite into the carbide phase (cementite). If 
carbide precipitation per se is responsible for temper 
brittleness, it then becomes difficult to explain the dif- 


MAY 1955, JOURNAL OF METALS—705 


7 
Ae 
‘ 


steel is observed after 3000 hr at 950° and 1050°F. The 
return to toughness of the steel following heating to 
1250°F for 1 hr after embrittling for 100 hr at 750° and 
950°F also could be explained in a similar way. How- 
ever, it must be assumed that partial resolution of car- 


rees of temper brittleness observ 


various temperatures investigated. Precipitat 


ature range where temper brittiene ‘ . 

author have bserved iximum ermbritt bide in ferrite occurred, since the lattice parameter of 
850°F after 3000 hr er ttle at 750°F ferrite was shown to increase after this treatment 
arnmounts at 1050° and 0" F On the other hand, the decrease in the lattice para- 


While retaining the notion of carbide precipitation meter of ferrite following temper embrittlement could 
nable be explained also bya diffusion of the alloying ele- 


a the ‘ suse of terr per OT ttiene it ore re 
to assume that a ff cient number of carbide particles ments in ferrite into the carbide phase (cementite). 
yf a critical size would be required to embrittle the Enrichment of cementite in alloy content has been ob- 
tee]. Maximum embrittlement would then occur at the served by the writer and others In this case, the 
temperature where the nucleation rate N according brittleness would be associated with the existence of a 
to the scleation theory. is a fmaxirmmum—the authors carbide enriched in alloying elements. At higher tem- 
OF temperature, for example.* At this temperature, pering temperatures, the alloying elements would go 
progressively into solution, resulting in a disappearance 
» & of temper brittleness.* These and other phenomena 
em pe are wre f as and observed during temper-brittle studies have yet to re- 

ceive adequate explanations 
‘ o"F The writer firmly believes that more X-ray diffrac- 
mber of precipitated particles would tion and electron microscope studies will be necessary 
sages before an exact explanation of temper brittleness is 
© for ed. ¢ nsequently at termperatures S. R. Maloof: Some X-ray Diffraction and Electron Microscope 
thar 0°F in insufficient number of fine car- “* tions un Temper-Brittle Steels. Trans. ASM (1953) 44. pp 
pal iid be fT eda ict 4 to embrittle I Lean and L. Northcott: Micro-Examination and Electrode 
t iy be the case at 750°F. At tempera- me “oe % Brittle Steels. Journal Iron and 
ter thar °F, a smaller number of larg Bs A Jou 
formed and the steel should exhibit R 
t h is the ase bserved by the 
the Processes 
0" a 0" F. The return to toughness of 


Trans. ASM 


Steels 


assspr 


mal history had never previously undergone a liquid- 
to-solid phase transformation with other alloys which 


{ 4 
Cyril Stanley Smith (Institute for the Study of had been pre viously froze mn and remelted, was not in- 
Mot Chicos The almost vestigated in the authors’ work. Other work“ on crys- 
= tee talline solids has indicated that phase changes can be 
although nitiated by foreign inclusions as well as by deviations 
theareticall the from structural regularity, such as grain boundaries 
and dislocations. The presence of these structural irreg- 
te conceivable that an increas new phases. In the case of frozen and remelted alloys, 
par tion relationship in the liquid state has never, to the 
nd ch nnot ro te sufficient authors’ knowledge, been investigated and appears to 
} merit study. The authors wish to thank Dr. Smith for 
— bringing this to their attention 
H. J. Fisher and A. Phillips sul repiy The in- D Tu Rosle Sr tural Impurities in 7 
te ting point raised Dr. Smit egarding the com- ns. (November 1954) Paper presented at the ASM Sé 


ne Viscous 


On the Nucleation of Pearlite 


DISCUSSION, E. S. Machlin and J. K. Staniey, nucleation of pearlite decreases with increasing carbon 
Chairme content. Unfortunately, this assumption is not in ac- 


L. D. Jaffe (Jet Pro Laboratory, California ord with experiment. The data of Sato,” of Lyman and 
Institute of Tec? ov. Pasadena, Calif The author's Troiano,” of Blanchard, Parke, and Herzig,” * and of 
interesting speculations appear to depend almost en others” show that the pearlite reaction is accelerated 
tirely on the assumption that the rate of formation or by increase of carbon content 
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ferent deg at the 
of car- 
bids etected in plain carbon as well as low alloy 
temperature could be explained nicely by the agglo- F. Bowman: Partition of Molybdenum in Saas. EEE 
945) 35, p. 112 
na gi wt! the precipitated particict Ir w.B Discussior Beitrag zur Frage der 
he authors’ Table I, a slight return to ductility of the figkelt.” Arch das Eisenhittenwesen (1935) 8, p. 301 
Viscosity and Density of Liquid Lead-Tin and Antimony-Cadmium Alloys 
YNISCTISSION H rd tt and Gordon 


Dr. Nicholson cites Digges’ 1938 work as indicating 
otherwise; Digges” measured the cooling rate at which 
the first trace of nonmartensitic product appeared in 
Fe-C alloys. He referred to this product as “troostite,” 
more recent evidence” indicates that under such con- 
ditions the nonmartensitic product would probably be 
what is now termed “bainite.” Accordingly, Digges’ 
data probably do not pertain to pearlite. Likewise, 
reference to original published data™ for Dr. Nichol- 
son's Fig. 2 does not substantiate his contention that 
the curves for beginning of the pearlite and of the pro- 
eutectoid ferrite reactions join tangentially 


M. E. Nicholson (author's reply)—Dr. Jaffe has 
stated that the mode of pearlite nucleation suggested 
in the paper depends upon the assumption that the rate 
of pearlite nucleation decreases with increasing carbon 
content. This is only half true. Based on the two-mode 
model, the rate of pearlite nucleation may decrease 
with increasing carbon content when pearlite is nucle- 
ated by ferrite-initiated sequence or it may increase 
with increasing carbon content when pearlite is nucle- 
ated by a cementite-initiated sequence. The former is 
the situation for plain carbon, low nickel, and low man- 
ganese steel. The latter is the case for such alloy steels 
as molybdenum, chromium, and tungsten steels. The 
references cited by Dr. Jaffe are for steels in the sec- 
ond class 

With regard to the reference to Dr. Digges, it should 
be pointed out that Dr. Digges described the first non- 
martensitic product not only as nodular troostite, using 
the common contemporary terminology, but also as 
fine pearlite, using the terminology now in vogue. In a 
more recent work, Digges™ confirmed his earlier work 
He again found that in plain carbon steels, except for 
low carbon alloys in which ferrite formed first, the first 


nonmartensitic was fine pearlite. In these steels the 
critical quenching velocity descreased with increasing 
carbon content 

Dr. Jaffe indicates that the data used as the basis for 
Fig. 2 did not show the curves for the beginning of the 
pearlite and proeutectoid ferrite joining tangentially. 
The curves in the original reference and in Fig. 2 ex- 
hibit a rapidly decreasing curvature as the nose of the 
curve, where they join, is approached. Such curves 
quite conceivably may join tangentially Actually 
whether or not they join tangentially is not pertinent. 
Much more to the point is the question whether these 
curves exhibit the relations shown in Fig. 1, where 
there is an abrupt change in direction as XA joins XC’, 
or whether they exhibit those shown in Fig. 4 where 
no abrupt change occurs. The original curves, like 
those in Fig. 2, show no abrupt change where the pro- 
eutectoid ferrite curve joins the pearlite curve and 
therefore may be used as evidence to support the two- 
mode model of nucleation 

T. Sato: On the Critical Points of Pure-Carbon Steels. Tec 
nical Reports Tohoku Imp. University (1929) 8, pp. 27-52 

. Lyman and A. R. Troian Influence of Carbon Content 
Upon the Transformations in a 3 Per Cent Chromium Steel. Trans 


Parke and A. J. Herzig Effect of 
Subcritical Transformation of 


Steels. Trans. ASM (1941 
»~J R ard, R. M. Parke, and A. J. Herzig Effect of 
Molybder the Isotherma Subcritical Transformation of 
Austenite toid and Hypereutectoid Steels Trans. ASM 
1943) 
4 : ery Transformation Diagrams 1951) pp. 987 


100 Pittsb 8. Stee! Corp 
J.u yon and L. D. Jaffe Ferrous Metallurgical Design 
1947) pp 208. New York. John Wiley and Sons 
= Atlas of lIsothert Transformation Diagrams 1951) pp. 44 
47-49. Pittsburg? U.S. Steel Corp 
“T. G. Digges, C. R. Irish, and N. L. Carwile: Effect of Boron 
on the Hardenability of High-Purity Alloys and Commercial Steels 


Bulletin National Bureau of Standards (1948) 41, pp. 545-574 


DISCUSSION, E. S. Machlin and J. K. Stanley, 
Chairmen 

E. P. Klier and Volker Weiss ( Metallurgical Research 
Laboratories, Syracuse University, Syracuse, N. Y.)— 
The strongest evidence of carbon enrichment of’ the 
austenite during bainite formation stems from tetra- 
gonality measurements on the martensite formed on 
quenching from the transformation temperature. Hehe- 
mann and Troiano state, “in steels containing 0.3 to 0.4 
pet C the [tetragonal] split indicative of a high car- 
bon martensite has not been reported.” The writers pre- 
sent Table II taken from the literature” in which the 
tetragonal split has been reported. Hehemann and 
Troiano further assert that “It should be noted, however, 
that no enrichment has been detected experimentally 
in high carbon steels.”” ” Their attention is directea 
to Fig. 18 taken from Lyman and Troiano.' Of interest 


Table I!. Tetrogonal Split in Steel, after Klier™ 


Transformation 
Temperatere Time at 
Tempera- 
steel reac ture, See Structure 
} pet Cr 0.38 475 B87 plus tetragonal! 
split 
pet ¢ 0.38 475 887 180 pilus te 2 : 
st t 
} pet Cr 0.38 475 23 Tetragona) split pilus 
t pet Cr 0 42 515 959 a plus tetragona 
pct Mo split 
pet Cr Oo” 550 1022 120 Tetragona! split 
pet 515 ose plus tetragona 
sp t 
pet Cr on 505 1 120 pilus tetragona 
split 


Stabilization of the 
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Bainite Reaction 


Fig. 18—Dependence 
of martensite axial 
ratio ot 450° and 
384°C during iso 
thermal transforma. — 1.030 
tion in the 3 pct Cr 

steel 1,020 


1,050 


1,00 


TE AXIAL RATIO 


TIME SECONDS 


is the martensite axial ratio curve obtained after trans- 
formation at 384°C for a 1 pct C, 3 pet Cr steel. There 
is unequivocal evidence here that carbon enrichment 
of the austenite has obtained 

After examining the present review and experi- 
mental program, the discussers find it desirable to re- 
affirm their belief that the mechanism of bainite for- 
mation proposed by Klier and Lyman* and by Klier” is 
essentially correct and is described in the following 
steps: 1—The diffusion of carbon in austenite to set up 
alternating regions of high and low carbon content 
2—The transformation of either region independently 
or both essentially is consort by a lattice shearing 
mechanism. In low carbon steels the low carbon re- 
gions, in general, precipitate; in high carbon steels all 
three possibilities may obtain. (The discussers refrain 
from calling the precipitation process a martensite re- 
action at the present time, as they consider this re- 
action now incompletely defined.) 3—The conditions de- 
scribed in items 1 and 2 depend on the temperature of 
transformation and, as this temperature is lowered, 
the extent of carbon diffusion is modified with the dif- 
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Fig 19—1.5 pet Mo, 10 pet C steel, Fig 20—15 pet Mo, 1.0 pct C steel, Fig. 21—1.5 pct Mo, 10 pct C steel, 
quenched from 1100° to 560°C for 5 min. quenched from 1100° to 560°C for 5 min. quenched from 1100° to 560°C for 5 min. 
Etched with witol. X500. Area reduced ap- Etched with nital, repolished, and etched Etched with nital. X500. Area reduced ap- 
prommmoately 25 pct for reproduction with alkaline sodium picrate. X500. Area proximately 25 pct for reproduction. 

reduced approximately 25 pct for reproduc- 

tron 


ferential in carbon content between high and low car- The data for stepped transformation treatments in 
eing reduced. ¢ bon movement. even if the bainite range are in agreement with the data of 
f f cation in the unit cell to another, is Lange and Mathieu," Wever and Mathieu,” and with 
‘ sl) bainite structure Hehemann and Troiano. Additional data of interest 
iting the foregoing mechanism of bainite obtained by F. C Wagner” are presented in Fig. 27 
ilere are reported three sets of transformation data in 
— = iad ave been th the bainite range after prior holding at 1200°F for 30, 
experimental data to which these con- 300, and 500 sec, respectively. These holding times did 
iided the discusser will be outlined not lead to the formation of pearlite. Of interest is the 
fact that holding for the long time has led to a virtual 
f te formation in high carbon steels elimination of the upper bainite reaction, as indicated 
j air ! : transforming by the reduced dilatation after this treatment 
I : Fig 19 to 24 were tained The fact that suitable holding at high subcritical 
FE. Nulk mn a rapid transforming steel ntain- temperatures may result in the suppression of upper 
pet Mo. In Figs. 19 and 20 carbon- bainite has led to an exploration of this behavior in 
licated the istenite. These re- 4340 steel. For the steel that has been studied at length, 
» and grow e the high-low carbon it has been possible in the standard Jominy bar to 
herent th the itrix austenite virtually eliminate the upper bainite reaction by re- 
Fir t rbide complex placement with the lower bainite reaction. A rather 
i ; pit Figs. 23 and 24. For large program of studies of the properties of these 
the i the bainite rang tructures has now been completed. The discussers 
‘ 5 r structur re | ble in a me hope to be able to publish the results in the near future 
fferent transformation sequence, Figs. 25 and R. F. Hehemann and A. R. Troiano (authors’ reply 
tion temperature The authors fear that this discussion will lead to some 
tructu [ by a lamellar confusion on the part of the average reader. Much, but 
t hort temperature rang not all of this, can be dissipated on the basis of what 
constitutes bainite. This point is considered in detail in 
; ot of a ears, many data relating the text from which the discussers’ Fig. 18 was taken 
ti ta ration effect of pr.or formation of “upper” Indeed, there is evidence of enrichment with a tetra- 
ate of r bainite were gonal split after substantial quantities of bainite have 
I t t rved that formed and sufficient time has elapsed after the end of 
é : le trans- reaction to allow diffusion. However, the authors can- 
t t ins! ‘ the lower not rationalize and have been unable to detect a tetra- 
That ti tal tion, however, might gonal split under conditions comparable to those indi- 
ncreased harder ! mavanced by ¢ ‘ cated in the discussers’ table. To be sure, the authors’ 
is responsible f ‘ nda hardne peak work was conducted on steels of different alloy con- 
pe I f this prox tent; however, the essential point is that only small 
: ints of bainite can form at termperatures near, but 


Fig 22-15 pet Mo, 10 pet C steel, Fig 23—1.5 pet Mo, 1.0 pet C steel, Fig. 24—15 pct Mo, 1.0 pct C steel, 
quenched from 1100° to 560°C for 5 min. quenched from 1100° to 560°C for 5 mim. quenched from 1100° to 560°C for 5 min 
Etched with nitel, repolished, and etched Etched with nitol X500. Area reduced ap- Etched with nital, repolished, and etched 
with alkaline sodium picrote. X500. Area proximately 25 pct for reproduction with alkaline sodium picrate. X500. Area re 
reduced approximotely 25 pct for reproduc duced approximately 25 pct for reproduction 
fron 
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Fig. 25—Gray iron, 
quenched from 1600° 
to 750°F for 1% hr. 
Note expected boinitic 
structure. Etched with he 
nitel. X500. Area re- 
duced approximately 


25 pct for reproduc- 
tion. 


Fig. 26—Groy iron, 
quenched from !600° 
to 7OO0°F for 3 hr. 
| Note bainite structure 
m having lamellar ap- 
peorance. Etched with 
nital. X500. Area re- 
duced approximotely 
25 pct for reproduc- 


Fig. 27—Isothermal transformation 6, ih 
diagram in the bainite range after | of if 
prior holding ot 1200°F as indi- » 
cated. Total dilatation is on aop- & | 
proximate index of percentage of 
transformation 


——— 
lo 


TRANSPORUTION TIME - SHOONDS 


Aside from the foregoing, a fundamental question is 
concerned with the role of carbon enrichment in con- 
trolling the reaction kinetics. Perhaps the most charac- 
teristic feature of the bainite reaction in alloy steels is 
its inability to transform all of the austenite at temper- 
atures near B,. Frequently, this has been attributed to 
carbon enrichment as the reaction proceeds. It is be- 
lieved. however, that this enrichment is highly local- 
ized around each bainite plate. Thus, as explained in 
detail elsewhere,” such enrichment does not account 
for the temperature dependence of the extent of de- 
composition to bainite. Undoubtedly, the carbon move- 


= 0.60 

0. 

0, 0 
. wor 
m= 0,16 
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ment producing this enrichment is of importance in 
specifying the form of the reaction curve 


a Steel Containing 
reent Carbor Trans. AIME (1945 
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netitut 


Transformation in Manga 
Kaiser-Wilhelm-Institut Eisenforschung 


F. Wever and K. Mathieu: On the 
nese Steels Mitteilungen 


1940) 22. p. 9 


DISCUSSION, E. S. Machlin and J. K. Stanley, 
Chairmen 
R. E. Cech (General Electric Co., Schenectady )—-The 
authors have not demonstrated a composition effect on 
the temperature of maximum isothermal nucleation 
frequency (T.). The values of T. obtained by Shih, 
Averbach, and Cohen and by Cech and Hollomon* can 


Table 111. Comporison of Data in Which Martensite Occurred 
Primarily Isothermally 


Investigater Reference Alley 7 

Averbact nd Coher Prese 

paper Fe-Ni-M 140°¢ 

Cech and He € FPe-Ni-Mr 

Kurdjumov and Maksimova Fe-C-Mr 130" t& 

140°" 

Kurdjur and Maksir Fe-« 

Kurdjur Maksirn 2 Fe-Ni-M 47°C" 

K nd Speic? 4 Fe-< N 

*T. sidered reliable, since one-fifth of the sauste 

te wee re ed from the system by atherma!l transformat pr 

to deter {T 


Some Characteristics of the Isothermal Martensitic Transformation 
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be considered in excellent agreement in view of the 
scatter attendant with the experimental measurements 
The justification for the authors’ conclusion thus rests 
upon the correctness of T.. for their alloy B and the ons 
of Kurdjumov and Maksimova Since isothermal 
nucleation of martensite was not measured in alloy B 
temperature, the T. has not yet been deter- 
it is presumptuous to assign a value 


at any 
mined. Therefore 
for T.. in this allo 

The Kurdjumov-Maksimova alloy plotted is one 
which had an M, of —17°C and formed as much as 17 
pet martensite athermally on cooling to a7T°C. (Te 
tor this alloy). Since a large amount of austenite was 
removed from the system by athermal transformation 
above T.., it is to be expected that T. occurs at a higher 
temperature than it would in the absence of prior 
transformation 

If all the data in which martensite 
occurred primarily isothermally are compared, a quit 
different result appears, Table III. It can be seen that 
in four out of six investigations, T. was 
between —125° and —140°C 

Cc. H. Shih, B. L. Averbach, and Morris Cohen 
(authors’ reply)—Mr. Cech has brought up several in- 


trans‘ormation 


found to occur 
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teresting points. He has suggested that the p vf Kurdjumov and Maksimova do not state explicitly 
prior athermal martensite should rai T h : that their isothermal run was made with an initial 
perature for the maximum initial 1 f ise n martensite content of 17 pct. They used a “critical cool- 
marten formation. In the experimer } achli ing rate” of 10°C per min, and report an “M.” of —17°C 
and Cohen’ on Fe-Ni alloys, the isothermal mar i on cooling at this rate. This is certainly not a rapid 
formation wa ved ter rior coolin quench and the figure containing their rate data does 
i nitrogen and al n cooling di y to th not indicate how their specimens were actually cooled 
ternperature. In t) i ict amou! to the reaction temperature. It appears that some mar- 
al martensite was g r, y lue for 17 tensite was present at the start of the isothermal trans- 
than for r ci 5°K formation, but the amount is indeterminate and could 
to that proposed by i ‘ have easily corresponded to the accidental amounts pre- 

: be different whe nsid vailing in the Cech and Hollomon experiments 
rn Perhaps the point for alloy B in Fig. 6 should not 
have been plotted without further explanation. At 
liquid nitrogen temperature, martensite could only be 
formed in this alloy by plastic deformation. The M, is 
thus below this temperature, and the authors assumed 
that T. is also below this temperature. However, as 
Mr. Cech states, T. was not determined and there is 

considerable uncertainty as to its magnitude 


Ordering Reaction of the Cu,Pd Alloy 


SSION S Mach ley cell, the a-axes of which are the same as in the sub- 
structure, whereas the c-axis of the cell varies within 
—_—ee : the range of hon ogeneity It is 18 times the c-axis of the 
: ubstructure at 81.5 atomic pct Cu and 8 times at 7/95 
; atomic pct Cu. In the intermediate range, the reciprocal 
value of c-axis multiplication varies linearly with con- 
centration. The precise structure is described in a short 
ymmunication 
J. B. Newkirk (authors’ reply)—There is no doubt 
that certain types of interchange errors are more prob- 
able than others and a study of the relative probability 
of the different types may provide useful information 
concerning structural relationships between the various 
known ordered lattices. The relationship between the 
proposed Cu.Pd structure and the Jones and Sykes 
Cu.Pd structure is difficult to assess, since the atom 
placement in the ordered Cu,Pd structure was not 
Jones and Sykes.’ They describe the cell 
ynly one containing 36 atoms in which A equals 
“yes 9.741A (An internal inconsistency is here. They may 
B Kiefer K. Schubert fii have ‘meant A 7.865A) and C equals 7.312A. The 
Metallfor “gf bee ony complex array of faint superlattice lines did not yield 
D4 ao eben 04.9 to solution except to prove that the structure was not 
that of ordered Cu,Au 

The long cell described by Kiefer and Schubert has 
not been checked. Such a shape is surprising but not 
mpossible in the light of the known experimental sup- 

port for the structurally similar CuAu II cell 


Stuttg 


M. Wilkens 


Mechanism for the Origin of Recrystallization Nuclei 


DISCUSSION. E.S ichl md J. K. Stanley primary recrystallization, the new theory would lead to 
irme a secondary preferred orientation identical to a minor 


L. Fullman (Ger 1 : henectad component of the primary texture. Failure to observe 
posal that the ge grain require nucleus this minor component does not invalidate either theory, 


leary recrystal tiem 1 whos » result of since only an undetectably small fraction of the grains 
nt grains hav ; imilar orientation need be in the minor component orientation. The aver- 
plausibl nd Pr or Nielsen is to be age grain diameter generally incre ases by a factor of at 

ed for pointing o I remely simple leg ten during secondary recrystallization; hence, 
In common with the « r hypothesis that ily one grain in 1000 of the primary grains need oper- 


the large grains are those which nu ated earliest in ate as a secondary recrystallization nucleus. Let F be the 
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were as f K ibert, B. Kiefer fir N 
1954) Ss. p 987 
P Niels 
The 
frye 
tu 
ippea 
congrat 
> 


ratio—number of adjacent grain pairs that are both 
close enough to a particular orientation to act as a 
single large grain: total number of grains. Then F is 
equal to the fraction f of grains that are sufficiently 
close to the specified orientation times the probability 
that a neighboring grain is also close enough to the 
specified orientation times ‘% (since pairs, not indi- 
vidual grains, are being counted). The probability that 
a neighboring grain is close enough to the specified 
orientation is f times the average number Z of grains 
adjacent to a given grain. Hence 
F f*Z. [1] 

Z is probably of the order 12 to 14, so for F = 0.001, f is 
approximately 0.01. Thus a very sharp minor texture 
component, containing only 1 pct of the grains in the 
primary recrystallization structure, is sufficient to pro- 
vide the required mumber of secondary recrystalliza- 
tion nuclei 

The nuclei could also be provided from a texture 
component that is stronger in magnitude but less sharp 
in orientation. Notice that f may be considered as a dis- 
tribution function expressing the fraction of grains in 
various orientations of the primary texture. Similarly 
F is proportional to the fraction of grain pairs in 
various orientations. If the nuclei for secondary recrys- 
tallization arise from these grain pairs or some selected 
group of them, the fraction of nuclei in various orienta- 
tions is proportional to F, within the range of orienta- 
tions permitted by any selective influences. Since F is 
proportional to f*, the texture of these nuclei must be 
sharper in orientation than the minor texture com- 
ponent from which they arose 

If Eq. 1 were the only condition governing the abund- 
ance of nuclei in various orientations, the texture of the 
secondary nuclei would merely be a sharpened modi- 
fication of the primary recrystallization texture. Profes- 
sor Nielsen suggests (p. 1087) that one selective in- 
fluence is that the boundary between the members of 
the grain pair must have low free energy relative to the 
boundaries between the pair and their neighbors, in 
order for the pair to act as a single grain in further 
growth. This condition limits the effectiveness of grain 
pairs with the orientation of major texture compon- 
ents, since the grains adjacent to such pairs usually are 
in orientations similar to the pair itself. Low mobility 
of boundaries between similarly oriented grains also 
would prevent grain pairs from major texture com- 
ponents from growing rapidly enough to provide an 
important contribution to the secondary texture 

On the other hand, the statement on p. 1087, based on 
the von Neumann equation,* that the driving force for 
growth of the grain pair increases with its misorienta- 
tion relative to the matrix is incorrect. As was pointed 
out on p. 1086, this conclusion is the reverse of the re- 
lationship required by the author's equation. The dis- 
crepancy arises from application of the von Neumann 
equation to a situation that violates an assumption 
made in its derivation. In contrast to Professor Nielsen's 
statement that the interfacial free energy ¢« in von 
Neumann's equation “refers to the boundaries of the 
growing grain exclusively,” it is assun ed in the deriva- 
tion of this equation that all boundaries have the same 
interfacial free energy. In order to examine the situa- 
tion with an interfacial free energy ¢.. for the bound- 
aries between grain O and its neighbors and a different 
interfacial free energy e«. for the boundaries between 
the neighboring grains, it is necessary to derive a 
modification of the von Neumann equation 

It is assumed that all boundaries meet at equilibrium 
angles, and the boundaries have the shape of circular 
(It is not necessary to assume they are equal 


arcs 


circular ares, contrary to the statement on p. 1085.) 
The expression will be derived in terms of the rate of 
iiffusion of a gas through the boundary walls, this rate 
being assumed to be proportional to the pressure dif- 
ference Ap across each boundary, times the length of 
the boundary |., summed over all boundaries. (Calcu- 
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lations based on this analogue give identical results to 
more formal treatments involving the rate of change of 
free energy per unit volume swept by a boundary, and 
the boundary permeability K in the analogue calcula- 
tion is identical to the boundary mobility in the more 
formal! calculation. ) 

The pressure difference across each boundary be- 
tween grain O and one of its neighbors ts 
Com 


Ap. 


where r, is the radius of curvature of the ith boundary 
The length of each boundary between grain O and one 
of its neighbors ts 


{3} 


where 4 is the central angle of the circular arc con- 
stituting the ith boundary. The rate of change of the 
grain’s area A is equal to the rate of change of its gas 
content, or the sum of the net rate of gas influx over 
all boundaries 
dA Tom 
Kl,Ap 4) 
dt r 

At each corner of grain O, two om boundaries meet 
at an interior angle ¥, such that 


If straight lines are drawn between adjacent corners 
of grain O, defining a polygon, the interior angles x, 
of the polygon satisfy the relation 


a(n 2) {6 
The sum of the arc central angles =4, is equal to the 
difference ny =z,, so the rate of change of area is 
dA San 
Keen} a(n — 2) 2n cos [7] 
dt 


While Eq. 7 is quantitatively different from Pro- 
fessor Nielsen's equation (p. 1085), both require that 
the driving force for growth increases with decreasing 
misorientation of the O grain (ie. decreasing ¢..) 
with increasing o.., and with increasing n. The limit- 
ing condition for dA/dt to be just positive depends on 
n and the ratio q tomn/@am in the same way for both 
equations. This limiting condition is 

l a(n 2) 
2 cos [8] 
q 2n 

Thus there are no qualitative discrepancies between 

the predictions of equations derived on the assumption 


of straight boundaries (Professor Nielsen's equation 
and on the assumption of boundaries in the form of 
circular arcs (von Neumann equation and the modifica- 
tion derived here) 


* A factor of 2 was tted in the printed version of Profes 
Nielsen's equatior The dr ne force f growth thould be 
2 
2° 
for the assumptions used in his analysis 


R. W. Cahn (University of Birmingham, Birming- 
ham, England)—-These comments will be restricted to 
the nature of primary recrystallization, examined in 
the light of Professor Nielsen's challenging theory 
The writer feels quite sure he is on the right track 
concerning secondary recrystallization, but it is not as 
easy to be sure about the primary process 

The matter for which this theory does not, the dis- 
cusser feels, adequately account is the role played by 
polygonization in relation to recrystallization Pro- 
fessor Nielsen proposes that the creation of a “texture’ 
through polygonization provides the condition for co- 
alescence. He makes the further postulate that “geo- 
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metrical coalescences must occur at regions where 
he texture has a sharp local deviatior ich as where 
xtensive inhomogeneous plastic flow has occurred 
his is indeed what the experimental evidence ig- 
t the liscusser theory ~ primary nucieation 
und the version of it published by Cottrell imilarly 
ew k polygonization proce at ite of deviating 
entat , " the kir gpin of the whole equence 
It ne ur however, to reconcile this view of the 
stter with the growing body of evidence hich ind 
pe at ana ta at r co 
pet b ther than casually connected, proce ‘ 
Guinier and Tennevir studies, by X-ray iffrac- 
tion of high resolving power, of the fine structure of 
worked aluminum as a function of time of annealing 
led the t ize polygonization and recrystal- 
zation a processe There was no indica- 
tion that poi on nad t I gre t a certain 
point before new grair were formed by recr talliza- 
tion 
Lacombe and Berghezan” demonstrated that individ- 
ial of variou rientatior n deformed metal, in 
oO t prog ed er "ar often 
t pti ta 
M ent Ta t. Bea i ar audron 
arkable eT at exceptional pure 
‘ 4 ta e after 
ecaust i zed ‘ ipia 
forestalled. Wher 
writ 4 ip i- 
et t went r 
‘ 
Hom on ts 
the any 
p t the ne 1iG 
trix 
} tr eur 
‘ he 
st the te of 
b 
‘ 
t where the 
na ‘ 
aor 
Perhag 
pt t eet subgra 
tar i 
t xT ‘ ‘ tance 
‘ ¥ entation to the 
the take ount the 
f e release 


Fig 8—Volwes for the rotic of twin boundery to grain 
bowndery oreo os ao function of groin size for series of som- 
ples of 65-35 bress cold worked 9! pct, recrystollized at 
500°C, and then further annealed at 500° or 800°C 
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sen's, has been to view the whole complex of anneal- 
ing processes as being determined exclusively by 
geometrical factors. This approach has paid handsome 
lividends in clarifying the driving forces of grain 
growth and secondary recrystallization. The discusser 
is not so sure that it suffices for interpreting primary 
recrystallization 

Cyril Stanley Smith (Institute for the Study of Met- 
als, University of Chicago, Chicago)—Dr. Nielsen's sug- 
gestions as to the origin of secondary recrystallization 
nuclei are most interesting. A somewhat similar mech- 
anism was proposed in 1948“ although the low energy 
boundaries were supposed to result from subgrain re- 
orientation 

If it is assumed that the distribution of bubble shape 
in a two-dimensional froth stays constant with size, 
then the probability that the average two-dimensional 
bubble will make contact with a bubble that it has not 
hitherto encountered will be proportional to the frac- 
ional increase of its area. The total number of new 
contacts that an average grain will have encountered 
on growing from area A, to A; is, therefore, 


dA 
N j p mY If p is independent of the area 


N pin - [9] 


This equation was derived by Dr. Ryoichi Kikuchi of 
e Institute for the Study of Metals. An evaluation of 
p in a random array should be possible, for it depends 
only on geometry and topology. The relation in three- 
iimensional bubble growth is precisely analogous 
Although the only bubbles that disappear are the tri- 
ingular ones, the net effect of this disappearance is as 
f a hexagonal bubble had been removed The sum, 
=(n-6)P. must always be effectively zero in a very 
large array. The local departures from a hexagonal 
urray (either shortage or superfluity of sides) are 
therefore, unaffected by the disappearance of grains 
und an analysis of the spatial fluctuations ef (n-6) in 
mn aggregate of small cells should permit a prediction 
ocal bubble shape distribution at any larger size 
ifter growth. If this is combined with the relations of 
n Neumann,” the stable configuration that would not 
be changed on further growth should be computable 
To return to microcrystals; it should be noticed that 
the probability of forming a runaway grain by coales- 
cence in a given volume decreases very rapidly with 
grain size, although the fraction of grains that are 
likely so to form stays constant. If the assumption of 
perpetual randomality can be maintained, then the 
process is actually a normal part of grain growth. The 
inaway grains will rapidly consume their neighbors 
ind will continue to grow until they come in contact 
with others that have also been rapidly growing. The 
frequen with which they would occur in a random 
aggregate would depend on the orientation difference 
that can be tolerated on coalescence. In practice, of 
ourse, exact identity or twin formation would be in- 
finitely rare, and such a wide variety of intermediate 
boundaries are possible that the effect could hardly be 
listinguished from simple froth growth due to size 
difference alone 
It is interesting to consider the role of these growth 
accidents in the formation of annealing twins. Burke” 
und Fullman and Fisher” have suggested that growth 
its can give rise to twin orientations by a nuclea- 
tion process hich avoids the statistically improbable 
contact of grains in exactly twin orientations. The ef- 
fective probability of producing a new twin on grain 
growth should then be proportional to the number of 
ntacts with new grains and should follow Eq. 9 given 
previously. Support for this view is supplied by data 
recently obtained by Dr. Hsun Hu at the Institute for 
the Study of Metals. Fig. 8 shows his values for the 
ratio of twin boundary area to grain boundary area 
proportional to the number of twins per grain if shape 
es not change) as a function of grain size for a series 
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of samples of 65-35 brass cold worked 91 pct, recrys- 
tallized at 500°C, and then further annealed at 500° or 
800°C. At each temperature the number of twins in- 
creases lineally with Log D and, therefore, as Log 
A/A 

Since such a twin will be formed only in order to 
produce a lower energy boundary, it would be expected 
to increase the probability of forming runaway grains. 
In practice the very opposite is observed; materials 
that form annealing twins are less prone than others 
to form large grains by secondary recrystallization 
Such grains are, indeed, unknown in brass or austenitic 
steels, yet they are easily produced in aluminum, fer- 
ritic steel, and most hexagonal metals. No explana- 
tion of this is offered 

Finally, it should be remembered when considering 
grain boundary migration that a boundary is not 
uniquely defined by the orientations involved. The 
boundary structure that corresponds to minimum en- 
ergy can be changed by adding any number of vacan- 
cies and/or cancelling pairs of dislocations of oppo- 
site signs. If a boundary remains in the same location, 
it can relax to the equilibrium low energy form as a 
result of diffusion and escape of vacancies to the sur- 
face of the piece. If it is moving it cannot do this, par- 
ticularly since motion itself will produce excess vacan- 
cies both from a decrease in area of the boundary or 
as a result of sweeping through imperfections or micro- 
porosity Obviously grain boundaries reaching the 
surface of a piece can relax more easily and quickly 
achieve a low mobility configuration. Those bound- 
aries distant from the surface will have a continued 
supply of vacancies as long as grain growth is oc- 
curring 

It is suggested that this is the principal cause of the 
slowing of grain growth as grains become larger or 
commensurate with the size of the specimen, as well 
as for the exasperating immobility of bicrystal bound- 
aries under ordinary curvature forces. Diffusion to the 
surface of vacancies resulting from the solution of mi- 
croporosity may be the reason for the formation of dis- 
continuous surface grooves on annealing 


Cc. G. Dunn (General Electric Co., Pittsfield, Mass.) 

Although the author points out reasons why “geo- 
metric coalescence” should not occur as readily in 
structures with severe (i.e., strong) textures as in ones 
with intermediate textures, he has wrongly stated. for 
the case of secondary recrystallization and the origin 
of secondary recrystallization nuclei, that the strong 
texture will increase the probability of two grains 
meeting with close orientation. The probability under 
question should apply to the nuclei, which are in de- 
viating orientations from the matrix texture. It fol 
lows that this probability decreases with increase in 
sharpness of the matrix texture, since the number of 
grains in deviating orientation actually decreases 

A second error made in the paper involves the use 
of the von Neumann equation to a case involving tex- 
ture. The von Neumann equation is based on one con 
stant specific energy, but grain boundary energy is 
variable when a texture is present. Arguing from the 
von Neumann equation and a supposedly high driving 
energy, the author concludes that increasing ¢ in the 
boundary of the growing grain will increase the growth 
rate, but this implication is wrong in spite of the fact 
that growth rate of a secondary grain actually does 
increase. The energy for growth comes from the sur- 
rounding matrix—not from the energy in the boundary 
of the growing grain—and the driving energy actually 
decreases with increasing ¢«, since more energy is re 
quired to form the boundary of the enlarging grain 
The reason for the increased growth rate is that mo 
bility of atom movements increases with increasing ¢ 
and this more than offsets the loss in driving energy 

Finally regarding evidence supporting the mech 
anism proposed by Professor Nielsen—evidence, it 
should be said, for its occurrence late in the growth 
process—the discusser would like to cite a few obser- 
vations obtained in the course of preparing single 
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crystals of silicon iron. Some of these observations 
that have been published” show increased disorienta- 
tion with growth distance, the disorientations being 
of the order of a degree or two 

Using special macro-etch techniques and suitable 
illumination, areas of different orientation can be de- 
lineated. Such areas show the positions of the start 
of growth of subgrains differing in orientation by a 
degree or two. Although delineated areas involving 
smaller disorientations are much harder to observe, 
the surprising thing is the low number seen in the 1° 
to 2° range. To date such subgrains or substructures 
have been observed in single crystals produced from 
polycrystalline materials using the strain-anneal meth- 
od for two cases: 1—orientations favorable to growth, 
and 2—orientations unfavorable to good growth. Sim- 
ilar substructures also have been observed in second- 
ary recrystallization 

Recently a different method of producing such sub- 
structures was noted. A cold-rolled single crystal was 
observed to recrystallize to another single crystal about 
30° from the initial orientation, but having several 
areas of small disorientation. This case appears to in- 
volve interactions of polygonized subgrains and pri- 
maries formed in the early stages of recrystallization, 
but this phenomenon is still under study 

Further work is needed in these areas to clarify the 
picture, but it seems, in view of the rather low ob 
served frequency of disorientations in the 1° to 2° 
range, that something in addition to the low « bound- 
ary interaction effect proposed by Professor Nielsen 
may be involved 

John P. Nielsen (author's reply)—The problem of 
the density of geometrical coalescences in a given 
matrix and the texture of the resulting recrystalliza 
tion grains is a difficult one to solve and Dr. Fullman’s 
preliminary calculations are welcome contributions 
In his Eq. 1, the quantity is difficult to evaluate. In a 
primary recrystallized structure before grain growth 
has progressed very far, a fraction of the grains pres 
ent is already of the complex grain type, i.e., composed 
of subgrains, as a result of chance coalescences in the 
original system of contacts of recrystallization grains 
growing in the unrecrystallized matrix. Subsequent 
geometrical coalescences must come from new grain 
contacts other than with the immediate neighbors 
Thus there are two series of coalescences. The first 
series probably obeys Eq. | and blends with normal 
grain growth following recrystallization. The second 
series probably obeys Eq. 1 in which it has a low but 
increasing value with grain growth, ie., as new grain 
contacts increase. The second series probably consti 
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Fig. 9—Free energy coefficient plotted agoinst number of sides, a, 
of the growing grain in a nongrowing idealized two-dimensional 
grain boundary motrix. R and + are the average radius vectors from 
the grain center to the vertices of the growing grain and the motrix 
grains, respectively, and q is the ratio ¢../c¢an, where om repre 
sents the average boundary of the 0 groin ond mm the motrix 
gram boundones 
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tutes the nucleation of secondary grains, particularly 
f the normal grain growth after recrystallization has 


been retarded for some reason or other 


The author agrees with Dr. Fullman that there was 
an oversight on his part mn concluding that the 
on Neumanr equation cited is qualitatively opposed 
to t equation for the driving force of a complex 
grair The author had overlooked the fact that the 


nward curvature of the growing grain would increase 


as ¢ would increase relative to ¢... Fig. 9 shows how 
the driving energy coefficient (the bracketed portion 
of Dr. Fullman’s Eq. 7 and of the equation given in 
the footnote of his discu or increases with the rela 
tive re of the growing grain or its number of sides 

1 flat grain network for different q value The 
vuthe ilso appreciates that Dr. Fullman called his 


ttention to the factor of 2 left out in one of the equa 


on chance encounters of suitably oriented grains, it 
should be pointed out that in the paper the author had 
not intended to imply that coalescences are responsi- 
ble for twins. Two grains on meeting might be ap- 
proximately twin related and therefore they could 
coalesce geometrically because of the low energy of 
the new boundary formed. This, however, is not a 
twin boundary in the ordinary sense in which two 
parts of the twin are precisely twin related. The twin 
boundaries that are formed by nucleation as suggested 
by Fullman et al. are very low in energy to be sure, but 
since they do not come into being by the meeting of 
two normal size grains at a point, they are not part of 
a coalescence process. The fact that austenite and 
brass do not exhibit secondary recrystallization abun- 
dantly may be due to the general lowering of the 
grain boundary energy level on alloying and to the 
relatively small anisotropy of boundary energies in 
cubic metals (as against hexagonal metals). This still 
leaves the silicon iron behavior unexplained. Perhaps 
silicon has the unique property of raising the grain 
boundary energy level for a iron. The references to 
factors that affect grain energies other than orienta- 
tion are indeed interesting and it is agreed that they 
nust always be kept in mind in dealing with grain 
boundary dynamics 

Referring to Dr. Dunn’s first paragraph, the author 
has not been able to locate the conflicting statements 
he refers to. The second paragraph refers to an error 
made in interpreting the von Neumann equation and 
which is also pointed out in Dr. Fullman’s discussion 

The author is pleased that Dr. Dunn describes some 
evidence supporting the geometrical coalescence mech- 
as probably having occurred in single crystal 
growth by the strain-anneal method. It is agreed that 
considerably more evidence will be needed before 
grain boundary interactions are fully understood. The 
nechanism proposed in the paper does not exclude 
other possible mechanisms for the origin of recrystal 
liz However, the author does feel that the high 
jegree of nonequilibrium in grain boundary geomet- 
ries that must occur when two grains of nearly identi- 
al orientation meet by chance must be of some pri- 
mary significance in grain boundary interactions. Ac 
must play only a minor role, for they 
an contribute to no boundary migration if equilib- 
exists 


anism 


ration 


rium, or low driving energy, 
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Some Observations on Grain Boundary Shearing During Creep 


Dr. Cahn take sue, and rightly so, on the question 

f the applicability of the geometrical coalescence 

nechanism for the origin of primary recrystallization 
The t ‘ ire of the matrix that exists sur- 

ounding the { ‘ recrystallization nuclei than of 
the matrix irrounding secondary nucle However 
the author wonde rf bjection does not lack forti 
fication. To be sure, polygonization in very pure metal 
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. SSION, H. E. Howe and G. A. Timmons 
‘ 

R. W. Guard (Gen: Schenectady 
The measurements on the ntribution of grain bound- 
ary deformation proce te eep presented in this 
paper make an important t to the phenom- 
enology of creep deformation. Of part ir interest is 
the proposal that is giver the f ng equation 
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If the grain boundary shearing is strongly dependent 
m grain deformation as the authors suggest, the con- 
tr ion to the strain would not be expected to be 
independent and additive as proposed in Eqs. 1 (of the 
paper and J 

Some measurements given by McLean” on grain 
boundary migration give a value of AH of 29,000 cal 
Is this difference of 20 to 25 pct from the values the 
authors observe within experimental error? 
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It is mentioned that a great deal of scatter was ob- 
served in making measurements of k. Would the 
authors care to indicate a probable error in the value 
of k? Also, what proportion of the values of k used in 
the average were zero and what fraction negative, i.e., 
gave negative strain? 


B. Fazan, 0. D. Sherby, and J. E. Dern (authors 
reply)—The authors wish to thank Dr. Guard for his 
contributions to their paper. The apparent validity of 
Eq. 5, as revealed in the text of this paper, suggests 
that motion of dislocations as well as grain boundary 
shearing depends on the same ¢@ parameter and there- 
fore the same activation energy, namely, that for self- 
diffusion. Insofar as this might be correct, the two 
phenomena of grain deformation and grain boundary 
shearing are related and therefore to this extent inter- 


dependent. Additional suggestions of such correlations 
are revealed again in a recent paper by McLean“ where 
it is shown that «,./e, is constant over primary creep. 
Since this ratio is constant, the additive relationship of 
Eq. 5 is possible 

Dr. Guard is apparently comparing the AH obtained 
for McLean's data on grain boundary migration with 
the AH the authors obtained by the uniquely dissimilar 
process of grain boundary shearing. These are two 
different mechanisms and grain boundary migration 
per se does not contribute to the creep strain except 
insofar as it might, on occasions, permit grain bound- 
ary shearing 


*D. McLean: Note on Boundary Migration during Creep. Nature 
1953' No. 4372. p. 301 

D McLear 
No. 1558 
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DISCUSSION, H. E. Howe and G. A. Timmons, 


Chairmen 
Cc. S. Reberts (The Dow Chemical Co., Midland, 
Mich.)—The results of this interesting work are similar 


in several respects to those which the discusser ob- 


tained in studying the creep of solid solutions of alum- 
inum in magnesiun The irr portance of grain boundary 
deformation was also reaffirmed by this work. The 


Fig. 17—Mg-2.0 pct 
Al alloy after 4.5 pct 
creep at SO00°F and 
1500 psi. The stress 
axis wos verticol 
X500. Area reduced 
approximately 35 pct 
for reproduction 


Creep-Rupture Characteristics of Al-Mg Solid-Solution Alloys 


accompanying micrographs (Figs. 17 and 18) show 
evidence of nonequilibrium boundary migration similar 
to that shown in Fig. 11b in the authors’ paper. The 
alloys contained 2.0 and 6.2 pct Al, all of which was 
soluble at the test temperatures. The migration acts 
in conjunction with sliding in these cases as in the 
normal case. The Mg-2.0 pct Al alloy showed this be- 
havior only occasionally, whereas the Mg-6.2 pct Al 
alloy showed it profusely 


+ Fig. 18—Mg-6.2 pct 
val Al alloy after 7.5 
pet creep ot 600°F 
and 4000 psi. The 
stress axis wos verti 
\ col. X500. Area re 
duced approximately 
35 pet for reproduc 


DISCUSSION, H. E. Howe and G. A. Timmons, 


Chairmen 


R. W. Guard (General Electric Co., Schenectady )— 
A detailed knowledge of the mechanisms by which 
alloying elements work their effects in simple systems 
is very valuable. This paper presents work on 4 sys- 
tem which has practical value as well. There are 
several questions about the results which might clarify 
certain of the results 

1—While realizing that it is necessary to use widely 
different creep stresses as the temperature is changed, 
how can the author be sure that the changes in curve 
shape attributed to temperature are not the result of us 
ing much lower stresses at the higher temperatures? If 
the tensile stress-strain properties of the same alloys 
were available, some light might be thrown on the 
behavior at low strains 

2—To what extent would changes in particle size and 
distribution account for the “tertiary” creep observed 
at lower temperatures? 
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Creep Behavior of Magnesium-Cerium Alloys 


ber ts 


3—Is there any other basis for postulating that prop- 
agation of nonbasal slip is a low energy process? 

C. S. Reberts (author's reply)—The first question 
raised by Dr. Guard is certainly an important one. It is 
generally held that creep-curve shape is a function of 
both temperature and stress. Proof of the separate in- 
fluence of stress in the range studied has not been at 
tempted. However, the author does not wish to infer that 
the stress variable is insignificant. It certainly is impor 
tant. The basis of the emphasis on the importance of tem 
perature is the fact that, when overlap of the two 
variables did occur, curves at the same stress level but 
different temperatures had significantly different 
shapes 

In answer to the second question, it could be said 
that, because of the aging at 400°F, changes in precipi- 
tate size and distribution would be relatively unim- 
portant at lower temperatures. However, at 500° and 
600°F, concurrent continuation of the precipitation re- 
action may have some control on the deformation mech- 
anisms observed 
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Correlation Between Microstructure and Resistivity of Transforming Ti-Mn Alloys 


DISCUSSION, H. D. Kessler and Harold Margolin doubt due to the slowness of the lead-bath quench com- 


Chairmen 


Dean N. Williams 
nbu Ohio The 
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bined with the rapidity with which the 6 pct Mn alloy 

Memorial Institute ransforms at its critical temperature. The test results 

have indicate that a large amount, if not all, of the trans- 

formation of the isothermally annealed material oc- 

curred during the quench to the isothermal annealing 
temperature 

F. R. Brotzen and E. L. Harmon, Jr. (Rice Institute, 

Houston, and Case Institute of Technology, Cleveland, 

respectively)—The authors’ paper is a welcome addi- 

tion to the growing fund of information on the iso- 

thermal transformation behavior of titanium-base 

alloy 

It gratifying to note that the authors’ electrical 

ivity results are in close agreement with work 

t Institute of Technology on the de- 

1f metastable 3 in the Ti-V system. This 

1 revealed that the transition phase, o, was 

the initial @ decomposition product at relatively low 

temperatures in titanium alloys containing from 12.5 to 

20 pct V. The formation of » was accompanied by a 

lecrease in electrical resistivity. Its disappearance and 

simultaneous formation of a were associated with a 

in resistivity 

ime-temperature-transformation diagrams deter- 

ined by dilatometric and metallographic studies and 

ray diffraction revealed a typical C-shaped curve 

cribing the beginning of a precipitation. In addition, 

1 curve denoting the formation of » was obtained at 

temperatures below about 430°C. Increasing vanadium 

content shifted the “nose of this » transformation 

longer times. For those alloys in which 

be suppressed by rapid quenching, subse- 

reheating formed additional w at temperatures up 

t 500°C and resulted in postponing the precipi- 

of equilibrium a@ at temperatures up to about 


1 view of the discussers’ results, the initial decrease 
istivity of the 6 pct Mn alloy when reheated to 
Fig. 2 in the text, can be interpreted as due to 
rmation of 

400°C, each of the alloys, Figs. 2 and 3, appear: 
ave formed in both the isothermally treated and 

quenched and reheated conditions 
The absence of » in the 10 pct Mn specimen reheated 
l implies that the w transformation was delayed 
nched and re- ufficiently to allow quenching and reheating without 
w an extensive massing through the “nose” of the TTT curve. The close 
milarity shape and form of the isothermally trans- 
yuenched formed and the quenched and reheated curves for the 
aled mate- 400°C treatment confirms the tardiness of the w re- 

action in this alloy . 

Because the 6 pct Mn alloy appeared to form @ 


Temperature 


Tae TEMPERATURE Te AT TEMPERATURE 


Fig. 9—TTT curve for Ti-6 pct Mn alloy 


Fig. 1O—TTT curve for Ti-10 pct Ma alloy 
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upon reheating to 500°C but not upon direct quenching 
to that temperature, the minimum incubation time for 
» transformation was probably extremely short. That 
is, o must have formed during the quench and reheat 
treatment resulting in the formation of more @ at a 
temperature where it would never exist upon direct 
isothermal quenching. Another possibility which must 
not be neglected is that small amounts of « may have 
formed during the relatively slow isothermal quench to 
500°C, preventing subsequent transformation to o. The 
behavior of the 6 pct Mn alloy was similar to that 
observed in a 12.5 and a 15 pct V alloy 

Interpreting the authors’ data in this manner would 
vield TTT diagrams which illustrate the beginning of 
the w reaction in addition to describing the precipita- 
tion of a. The writers’ concepts of these complete TTT 
diagrams are presented in Figs. 9 and 10 

D. J. DeLazaro and D. W. Levinson (authors reply) 
The points raised by Dr. Williams are well taken and 
are appropriate to the text of the paper. It is certainly 
of prime importance in any study of transformation 
kinetics to take cognizance of the nucleation which oc- 
curs during cooling. Attention may be drawn to the 
500°C transformation curves for the Ti-6 pct Mn alloy 
(Fig. 6) in which the quench and reheat-type heat 
treatment produces a resistivity curve characteristic of 


the rejection of w from gs as shown in this discussion, 
and subsequently in a publication,” by Brotzen and 
Harmon. Since the isothermally transformed Ti-6 pct 
Mn alloy (Fig. 6) gives evidence of “normal” re‘ection 
of proeutectoid a from 4, it is evident that the nuclei of 
« produced during the quench to room temperature of 
the quenched and reheated sample grew at 500°C in 
preference to, or faster than, the nuclei of a. Since the 
plateaus in the resistivity curves of quenched and re- 
heated samples were not observed for temperatures 
higher than 500°C, similarly it may be concluded that 
the #» nuclei must either transform too rapidly to be 
observed at temperatures higher than 500°C or, what 
is more likely, simply redissolve in 4. There are less 
obvious indications of the same process operating for 
the Ti-10 pct Mn alloy (Fig. 3) 

The interpretations shown in Figs. 9 and 10 of 
Brotzen and Harmon's discussion are certainly to be 
preferred and it is gratifying to find definitive work in 
this temperature range which verifies the authors’ 
suspicions regarding the origin of the resistivity 
plateaus and the resulting irregularity in the TTT 
curve for the Ti-10 pct Mn alloy 

F. Brotzen, L. Har J A. R. Troiam De 
sit Beta Tita AIME 1955 413-419 
Jovanat or Metrais ‘February 1955 


Mechanical Properties of Alpha Titanium as Affected by Structure and Composition 


DISCUSSION, H. D. Kessler and Harold Margolin, 


Chairmen 
L. D. Jaffe (Jet Propulsion Laboratory, California 
Institute of Technology, Pasadena, Calif.) —Some of the 


microstructures shown in this paper may be clarified 
by considering the relation between the “acicular” and 
the “serrated” microstructures. If high purity titanium 
is cooled from the g field either rapidly or slowly, a 
presumably forms from the § as groups of parallel 
platelets of similar orientation. The etch used does not 
bring vut the low angle boundaries between the plate- 
lets and so only their ends (high angle boundaries) 
etch. Each group of platelets then appears as a “ser- 
rated a grain,” Fig. 2 

If aluminum is present, it does not have time to seg- 
regate during quenching, so the quenched structure of 
the Ti-Al alloys is “serrated,” like unalloyed titaniun 
Fig. 4b. During slow cooling, however, there is time 
for some diffusion of aluminum to occur during the 
j-a transformation. This results in concentration differ- 
ences between center and boundaries of the a plate- 
lets; the low rate of aluminum diffusion at lower tem- 
peratures prevents these differences from equalizing 
after 3 has disappeared. Because of these concentration 
differences, the boundaries between a platelets are 
attacked by the etch, giving an “acicular” appearance 
Fig. 4c 

In Ti-N alloys, nitrogen probably diffuses fast enough 
to segregate to some extent during S-a transformation 
ever n quenching, so platelet boundaries etch in 
quenched Ti-N alloys, giving a somewhat acicular 
microstructure, Fig. 6a. When these alloys are slow 
cooled, there is time after completion of the trans- 
formation for the segregated dissolved nitrogen to 
redistribute itself uniformly. The low angle boundaries 
then do not etch, giving a “serrated” appearance, Fig 
7a. (The slow cool here also permits the serrations to 
smooth. ) 

Hydrogen apparently behaves somewhat similarly to 
nitrogen, with the added feature that segregation of 
hydrogen to platelet boundaries leads to precipitation 
of hydride there, accentuating the acicularity and 
“basket weave” microstructure, as the authors point 


out 
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Frank A. Crossley (Armour Research Foundation 
Chicago)—The Ti-0.29 pct N alloy quenched from 
1010°C is treated as though 1010°C placed it in the all 
i field. The preponderance of evidence argues that the 
0.29 pct N alloy was not placed in the all 4 field by 
heating to 1010°C. The evidence is as follow 

] The statement made by the author that the 4 
field was not bracketed for the Ti-0.29 pct N alloy; but 
as quenched from 1010°C, the structure was estimated 
to be over 95 pct 

2—Work of Jaffee, Ogden, and Maykuth and work by 
Palty, Margolin, and Nielsen on the effect of nitrogen 
on the transformation of iodide titanium indicates that 
the 0.29 pct N alloy is in the a-¢ field at 1010°C 

3—Fig. 7d indicates that the alloy was still in the 
»-8 field when quenched from 1010°C 


In the light of these evidence it is considered that 
the fine grain size exhibited by the Ti-0.29 pct N alloy 
quenched from 1010°C is due to the inhibition to grain 


growth caused by the small amount of a present 

Relative to the explanation of yield point phenom 
enon in the Ti-N alloy as annealed in the a field and 
absence of it when the alloys are annealed in the e«-¢ 
field, the authors state that, “If s heat treatments do not 
show the yield point, it follows that whatever was cau 
ing strain aging has already precipitated.” What strain 
aging are the authors discussing? Yield point phenom- 
enon is not identical to strain aging and it is not associ- 
ated with precipitation. Yield point phenomenon re- 
sults from segregation of solute atoms around dis- 
locations. The use of the word “precipitation” is un- 
warranted in the context in which the authors use it 

Also there is no reason to suppose that an agent 
soluble in a is insoluble in § at temperatures in the 
vicinity of 1000°C. Nitrogen in the amounts present in 
the alloys under discussion certainly is, and other 
elements should be present to only a very small extent 
in these binary iodide titanium-base alloys. Further- 
more, there is no reason to suppose that equiaxed a 
resulting from an anneal high in the a field will dis- 
solve more of an agent than a resulting from 4 trans- 
formation on cooling 

A more likely explanation is the following: The ea 
annealed Ti-N alloys are strengthened by the Suzuki 
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nechanism of lid-solution hardening applicable to 
e-packed metai Th necnanis? ipor the 
ciation { dislocation in close-packe p.iane if 
are Tt type f hardening yes not occu r ay- 
centered Olid solutions. Since the establishment 
f | ns to give rise to Suzuki hardening is dif- 
fusion dependent, it probable that Ti-N alloys heated 
to lominantiy structure io not show th eld 
pow omenon, as there not sufficient tume during 
t } f to the « phase field to establish the 
ect ary ndaitions 
RK. L. Jaffee, F. C. Holden, and H. R. Ogden (author 
reply The authors are grateful to Drs. Crossley and 
laffe f the fine d i ' which add greatiy to the 
| ta Apert eT ta t 
fT. explanatior relative a larity aused 
ju rye fu ace ed 4 ippear the 
authors to be entire ect. Dr. Crossle also is cor 


rect in pointing out that, according to the presently 
accepted view, the yield point is not associated with 
precipitation, but with segregation of the solute atoms 
to preferred sites. His further discussion of the vield 
point in terms of the Suzuki mechanism is a valuable 
addition 

Dr. Crossley’s discussion of the 8 grain size 
Ti-0.29 pet N alloy 
med at the 


faster 


of the 
heat treated at 1010°C appears to be 
conclusion that the 8 grain growth is 
when aluminum is present than when nitrogen 

present. The authors agree that a small amount of « 
is rernarkably effective in restricting 3 grain growth 
and that the Ti-0.29 pct N alloy, as shown in Fig. 6b 
had a small amount of a phase present. The conclusion 
was not based on this result, but on the result found 
for the s-treated Ti-0.07 pct N alloy and observations 
on other interstitial alloys not described in the paper 


aitrie 


were tr 
954 


Note m p. 1283, Pig » and 
i Fig. ib is a. 7 AIME 


€ nsposed Fig ia is t 
pp. 1282-1290; Jowunar 


Phase Transformations in Titanium-Rich Alloys of Iron and Titanium 


Ch 
R. J. Van Thyne ir r Research Foundatior 
, The aut Ke eral ‘ ations that 
] hip 
ent | gator No 
ott ited t 
} tt 1 deg ta t Hard 
ina ta lue t 
sth thar ate 
et it peratu at 625°" 
epte ‘ 
KI t er light ints of 
t te atu t eutec 
" fer ne +? ‘ itect i té perat 
ited etwee 7 ma e pre ent 
t the gat ncluding 
it 4 pet Fe tains the 
pt ‘ ficult t prot 
I write ‘ ported phase 
ta ate ple x and 
grat ect! jue W he nase liagrar 
tudie At gr that 
f action. For th 
ea is very siowi! 
a peritecti 
pri gnt be expected ‘f 
i xist As the author 
pay ire-cast ingot 
era The pnase 
‘ as been demon- 
hat the te phase Ti.Fe,O does exist 
L. D. Jafle (Jet P n Laboratory, California 
tute of Te gy. Pasadena, Calif.)—The pres- 
ence yuet hed al ip t « pet Fe, and the 
bac f a hardne peak suggest that 
the hor were n il than Worner in 
avoid formation of luring yuenchi The 
lower ox eT mite the aut anal the 
probably higher cooling rate would reduce the lkeli- 
hood that hard would nucleate and grow Preven- 


tion of & formation would avoid the accompanying de- 
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pression of M,” to below 
al sccurred in Worner’s work 


room temperature that prob- 


The authors’ metallographic technique for determin- 
M. fails to take into account that remaining s may 
ur thermally to a just as well below the M, 
i ve it. Since the technique provides no means of 
listinguishing martensite formed on cooling to the 
I ng temperature from that formed subsequently on 
‘ g to room temperature, it does not appear to be 
The true M, temperatures are probably much 

gher than those reported by the authors 


Appearance of the FeTi phase in less than an hour 


at 570°C in the al containing over 8 pct Fe is inter- 

ting This relatively rapid formation of the inter- 
mediate phase in the Ti-Fe system is probably the cause 
of the rather poor toughness encountered in titanium- 


ase alloys of commercial purity, which contain more 


5 pet Fe, and suggests that the use of iron 


than about 
lower percentages may be undesirable in such 


even n 
materials 
D. H. Polonis and J. Gordon Parr (authors 


e authors are intrigued that Dr 


reply) 
TI Van Thyne criticizes 


them for using contaminated specimens while he 
juoctes the results he obtained by melting an alloy in a 
graphite crucible. It is certain that Ti.Fe occurs as an 
equilibrium phase in Ti-Fe alloys, but so far ternary 
alloys with carbon have not been investigated. It is 


work carried out at New York Uni- 
authors’ results. Of course, as Dr 
Van Thyne points out, the authors do admit their alloys 
inated some contamination is inevi- 
table. Estimates of oxygen and nitrogen pickup are 
given in the paper, and these compare very favorably 
with figures givei\ by other workers who publish such 
lata 

The differences between the behavior of the authors 
f other workers as Dr. Jaffe sug- 
gests, probably due to the effect of specimen size and 
they iike to believe—also to the purity of the materials 
Subsequent experiments” have shown the effects of 
specimen size to be appreciable. The authors think 
Dr. Jaffe is probably correct in that the 
technique for 


anderstood tnat 


versity confirms the 


were contan since 


alloys and those 


suggesting 
measuring M, gives low results 


L. D. Jaffe: Heat Treatment of Titanium Generalized in Terms 
Beta Prime. T s AIME 1954) 200. p. 210; Jownnat or Mer 
(Pet i 954 
> Jafle He Treatment a A ng of Tita 4 To be 
) J. G. Parr: M ensite F stior Pow 
p So ens of Ti-Fe A T AIME 95 
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